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A BS TRAC T

This report describes the feasibility of using an electro-optical celes-

tial scanning sensor on board the Small Scientific Spacecraft (S3) for deter-

mination of the spacecraft attitude by utilizing star measurements. The

sensor basically consists of a wide-angle lens with a transparent slit posi-

tioned on the focal surface, a photomultiplier detector positioned behind the

slit aperture and star signal processing electronics. For a spin stabilized

S 3 vehicle, the sensor rotates with the vehicle. For non-spinning vehicles,

the slit is rotated by a synchronous motor. After automatic identification

of the stars detected, the vehicle attitude is determined by computer solu-

tion of the system constraint equations.

The study effort was largely devoted to the areas of optical design,

electrical design, signal detection analysis, evaluation of system operational

constraints, and system error analysis. Standardized sensor designs were

recommended for application to all S3 orbital configurations.
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INTRODUCTION

SCANNING CELESTIAL ATTITUDE DETERMINATION SYSTEM (SCADS)

FOR SMALL SCIENTIFIC SPACECRAFT (S3)

I . INTRODUCTION

The purpose of this feasibility study is to describe the attitude deter-

mination problem for the Small Scientific Spacecraft ($3), the method of solu-

tion using a Scanning Celestial Attitude Determination System (SCADS), and

the instrumentation required to acquire data for the solution.

A. Statement of Problem

The basic motivation for this study is that of determining the three axis

S3attitude (pitch, roll, and yaw) of a space vehicle using an electro-optical

celestial scanning sensor. By scanning the celestial sphere, the sensor must

provide measurements of star positions so the spacecraft attitude can be

determined to an accuracy of 0. i degree by a computer at a ground station.

The basic problem considered in this study is to determine the required de-

sign parameters for a SCADS sensor, with emphasis directed toward minimizing

size, weight, and power. Additional emphasis is directed toward design of a

standardized sensor which can be employed in a wide variety of orbital con-

figurations and associated environments. The spacecraft may be either spin

stabilized or local vertical stabilized and it is required to operate in

several classes of orbital configurations. It is also required for spin

stabilized vehicles that the spin axis nutation and the spin period be deter-

mined, with the required spin period accuracy being given as .03%. Nutation

is defined in References [I] (p. 165) and [2].



INTRODUCTION

B. Orbital Configurations for S3

Four general classes of orbits are to be considered.

summarized in Table I.

These classes are

For the spin stabilized satellite, the spin axis will nearly coincide

with the longitudinal axis of the satellite. For the elliptical equatorial

orbit, the satellite will be intermittently torqued so that the angle between

the sun and the spin axis will lie between 20 ° and 70 ° .

The magnetically stabilized satellite will be passively stabilized so

that the longitudinal axis will nearly coincide with the local direction of

the magnitude field, but the satellite may very slowly roll about this di-

rection.

In later sections, we will treat each of these orbits in more detail.

2
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C. Basic Description of Sensor

The study first describes the mathematical model and the constraint equa-

tions from which the spacecraft attitude may be determined from star transit

data. Next the major sensor design parameters are defined followed by the

formulation of a design procedure. The ideal design parameters are then

determined for each orbital configuration from which a set of standardized

sensor parameters are selected. Sensor operational constraints are evaluated.

Finally sensor size, weight, and power are estimated.

The sensor must operate in two vehicle stabilization modes, spin stabi-

lized and field (magnetic or gravity) stabilized. Figure I shows the basic

sensor configuration for the spin stabilized vehicle. The basic sensor com-

ponents are a wide-angle lens with a slit positioned on the focal surface, a

photomultiplier detector positioned behind the slit aperture, and star signal

processing electronics. A sun shield is required to shield against scattered

radiation from the sun or sun-illuminated earth and moon. The sensor for the

spin stabilized mode consists of no moving parts, rotates with the spin

stabilized vehicle which causes star images to transit the slit. Radiant

star energy passing through the slit is converted into electrical pulses

which are then processed by the system electronics. The basic electronic

function is to digitally encode the time that each star brighter than a fixed

threshold transits the slit.

The sensor for the field stabilized vehicle is similar to the spin sta-

bilized version except that a synchronous motor must be added to rotate the

slit reticle at a constant angular rate to provide the scanning motion.

4
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FIGURE I: Basic Sensor Configuration for

Spin Stabilized S3 Vehicle
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D. Overall Smmmry of Study

As a result of this feasibility study, it can be generally concluded

that a small, standardized SCADS sensor could be successfully employed to

determine the S 3 spacecraft attitude accurate to 0. i degree EMS per axis for

a wide variety of orbital configurations.

Some of the gross characteristics of the SCADS-S 3 sensor are summarized

be low :

Cant Angle (spin stabilized vehicle) = 40 °

Field of View = 40 °

Optical Aperture:

.8 inch for scan periods > 4 seconds

2.0 inch for scan periods > ½ second

Number of slits - One (radial to spin axis)

Rotational Slit Width - 18 arc-minutes

Photomultiplier - EMR 541N

Required Star Magnitude Threshold

Detection Probability

Average False Detection Rate

- +2_5

- .95

- One per five scan periods

Estimated Sensor Size (excluding Sun Shield)

(a) Spin Stabilized Vehicle

i. For D = .8 inch, volume = 19.7 in3

2. For D = 2.0 inches, volume = 27.4 in 3

(b) Field Stabilized Vehicle- 23.7 in 3

Estimated Sensor Weight

(a) Spin Stabilized Vehicle

i. For D = .8 inch, weight = 2.2 pounds

2. For D = 2.0 inches, weight = 3.4 pounds

(b) Field Stabilized Vehicle - 2.7 pounds

Estimated Sensor Power

(a) Spin Stabilized Vehicle - 1.0 watt
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(b) Field Stabilized Vehicle - 2.2 watts

It may be emphasizedhere that the sensor design can be further standard-

ized if the size and weight of the two inch optical aperture could be toler-
ated for all missions.
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DETERMINATION OF ATTITUDE FROM STAR TRANSITS

II. DETERMINATION OF ATTITUDE FROM STAR TRANSITS

The general method of attitude determination by use of transit times of

known stars across a slit will now be discussed. At this point, we assume

transit data has been received from the vehicle and has previously been

tagged, i.e., known stars have been associated with each transit time.

A slit is scribed on the focal plane of an optical system. Such a slit

describes a curve when projected on the celestial sphere. If the slit is a

straight line and the optical system is distortion free, then the curve is a

great circle. Such will be considered the case here.

The instrumentation is such that the slit is either fixed with respect

to the satellite (spin stabilized satellites) or rotates with respect to the

satellite in some precisely known manner (non-spin stabilized satellites).

In either case, the great circle projection of the slit can be described by

an equation which contains only known parameters if such an equation is writ-

ten utilizing a coordinate system fixed in the satellite.

At the instant a star transits the slit, we know the star lies on the

slit's projection. Hence, at this instant we may write,

n̂ • = 0 (1)

where

^

n = unit vector normal to the plane determined by the slit's projection

on the celestial sphere;
A

s = unit vector to the star (Figure 2).

Since the slit is in a known position with respect to the satellite, n is

easily written in a coordinate system fixed in the satellite. On the other

hand s is most easily written in a celestial coordinate system (a system in
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DETERMINATION OF ATTITUDE FROM STAR TRANSITS

which the star directions are catalogued). In order to write these vectors

in the same coordinate system, parameters which specify the orientation of the

coordinate system fixed in the body with respect to the celestial system must

be introduced. However, these are the very parameters we are interested in

determining.

A

In order to introduce parameters which allow n and s to be written in the

same coordinate system, the physics which govern the attitude motion of the

satellite must be considered. As of this writing three basic models have

been considered. These models assume the following types of constraints on

the satellite dynamics:

(I) spinning rigid, nearly symmetric, torque free body;

(2) spinning rigid, nearly symmetric, nearly torque free body;

(3) attitude controlled such that roll, pitch, and yaw are slowly vary-

ing functions of time (slow with respect to the scan period of the

slit which is rotated with respect to the satellite).

Of these models, (i) has been analyzed, programmed, and applied. A discussion

may be found in References [I] and [2]. For convenience, Reference [2] has

been included in this report as Appendix A. Models (2) and (3) have been

analyzed, but not programmed. The total problem as it evolves about model

(3) is given in Appendix B.

The models (i) and (3) imply total problems which are much easier than

that presented by model (2). For model (2), a system of _ifferential equations

is forced upon us which does not appear to have a convenient analytical solu-

tion. Fortunately, it does not appear we need such a model for the S3 mis-

sions.

In general then, model (I) can be applied to the spin stabilized missions

of the S 3 series, and model (3) can be applied to the non-spin stabilized

missions. However, it was pointed out by NASA-GSFC that the assumption of a

ii
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rigid body is not adequate in a time interval near a period in which the

satellite passes from light to dark side of the earth or vice versa. During

these time intervals the satellite's booms significantly expand or contract.

This deficiency of the model may be overcome by allowing the two nearly equal

moments of inertia to be functions of time or (as suggested by NASA-GSFC) by

1 1_,._4,_ _A o,,4. _._ --- --........ _= ..... r ....... w_=_oolon L=t== tu be linear functions of time. Of

these methods, the first is more correct but implies more analysis. A start

on such an analysis is given in Reference [3]. The second method can be

easily incorporated into the present program.
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III. DESCRIPTION OF SENSOR DESIGN PARAMETERS

This section will define the most significant design parameters for the

SCADS sensor. After these parameters have been defined, a logical design pro-

cedure will be developed in the next section for determining the required

parameters.

The SCADS sensor basically consists of three subsystems, namely, the

optical system, the photomultiplier, and the electronics. In defining the

SCADS parameters, it will be assumed that the S3 vehicle is spin stabilized

with the SCADS sensor axis fixed in the vehicle and that the sensor rotates

as the vehicle rotates about its angular momentum vector. The design para-

meters are similarly defined for a SCADS sensor aboard a non-spinning, field

stabilized vehicle. The parameters of the optical system will be defined first.

Figure 3 illustrates the parameters associated with the optical system

for a SCADS sensor aboard a spin stabilized vehicle. In Figure 3 the instant-

aneous position of the field of view and slit are shown projected on a sphere

where the slit rotation about the vehicle spin axis is fixed at an azimuth

angle, _, with respect to the plane of the figure. The star image shown within

the slit is displaced at a zenith angle, y, from the vehicle spin axis. From

Figure 3, the parameters associated with the optical system may be adequately

characterized as follows:

(a) the cant angle, F, is defined as the angle at which the optical

axis is inclined with respect to the vehicle spin axis (body princi-

pai axis) ;

(b) the equivalent focal length, F, of a complex lens is the distance from

the central plane of a thin biconvex lens, whose magnification is the

same as the complex lens, to the image plane when the lens is focused

on an object at infinity;

(c) the field of view, FOV, is the full field angle subtended by a simple

biconvex lens equivalent of the optical system;

(d) the optical aperture, D, is defined as the diameter of the clear

aperture of the optical system;

(e) the lens f number, f/no., is defined as the ratio of the focal length,

F, to the optical aperture, D;

13
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FIGURE 3: SCADS Design Parameters
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(f) the blur spot size, B_, is defined as the angle subtended by the star
image (in the focal plane) as measured from the intersecting point
of the optical axis and the plane containing the biconvex equivalent
of the optical system;

(g) the field image size, d, is defined as the maximumdiameter of the
full field image in the lens focal plane;

_) the optical efficiency, e , is defined as the ratio of the radiant
star energy incident on t_e focal plane to the radiant star energy
incident on the lens clear optical aperture.

Closely related to the parameters of the optical system are the slit
parameters in the lens focal plane. In order to obtain uniform transit times

of the stars across a slit, the slit configuration is taken as a portion of a

pie-shaped section as shown in Figure 3. The slit is symmetrical about a line

(great circle as projected on the celestial sphere) radial to the spin axis.

The width of the slit is characterized by a rotational angle, _.

Several major parameters satisfactorily characterize the SCADS photo-

multiplier. Of particular importance are the photomultiplier sensitivity to

stellar radiation, SK, the cathode dark current, _, and the physical dimen-

s ions.

The threshold detection of star signals in the presence of shot noise at

the photomultiplier output requires electronic analog signal filtering

(smoothing). The electronic filter is adequately characterized by its trans-

fer function, H(s), and the cut-off frequency, fc' which most nearly matches

the filter impulse response and the star signal.

The most important parameters characterizing the sun shield are its

height above the optics and its outside diameter. These dimensions are de-

pendent upon the optical field of view, the optical aperture, and the angle,

8, between the sun and the optical axis.

Other important parameters must be defined in order to adequately des-

cribe the above sensor characteristics. These parameters include:

15
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(a) the limiting magnitude star, M, which must be detected in order to
insure that three stars brighter than this magnitude are within
the field of view for a given probability;

(b) the stellar background radiation, NB, which characterizes the in-
tegrated intensity of the weak star radiation contributed per unit
area on the celestial sphere;

(c) the false detection rate, N#, characterizes the expected number of
false star indications per §can period caused by randombackground
noise ;

(d) the detection probability, Pd' determines the chances of detecting
the star signal given the condition that a star brighter than the
limiting magnitude has transited the slit.

16
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IV. DESIGNANALYSISANDPROCEDURE

After the SCADSdesign parameters have been properly defined, it is neces-

sary to formulate a logical design procedure which will lead to an orderly

determination of each parameter. An optimumdesign procedure should rely

upon a minimumnumberof arbitrary assumptions and should ideally consist of
an ordered sequence of computations which systematically determines each

parameter characterizing the sensor. Becausethe major parameters character-

izing the SCADSsensor are strongly interrelated, it is not possible to

independently calculate most of these parameters. Consequently, because of

the parameter dependence, there can be absolutely no unique solution which is
independent of any initial assumptions but rather a subset of solutions each

of which will be strongly influenced by the initial assumedconditions. By

making several initial, rational assumptions, it is possible to devise a

reasonable and logical design procedure which yields a satisfactory solution.
In most cases, these initia_ rational assumptions must be based somewhaton

physical (size, weight, power, standardization, etc.)and geometrical (sun

interference, etc.) restrictions imposedby the nature of the specific prob-
lem.

The design procedure for a SCADSsystem aboard a spin stabilized vehicle

differs only slightly from a design procedure for a SCADSsensor aboard a

field stabilized vehicle. The design procedure for a spin stabilized sensor
will be discussed first.

A. Determ_Qation of Cant An$1e

The first logical step in the design procedure for a SCADS sensor aboard

a spin stabilized vehicle is to determine the cant angle of the optical axis

with respect to the vehicle spin axis. The cant angle should be chosen so as

to minimize the interference caused by the reflection of sun radiation from

the earth, moon, sun shield, and/or spacecraft. The interference results when

reflected solar radiation contributes to an increased background noise level

which causes a decrease in sensor sensitivity and accuracy in star detection.

17
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In a space environment, direct or reflected (from earth, moon, and/or spacecraft)

radiation causes no interference when the angle of the incident light rays are

greater than or equal to 90 ° to the optical axis. This situation is illus-

trated in Figure 4 where incident rays at an angle 8 < 90° to the optical axis

can cause scattered light to enter the sensor optical aperture and hence in-

r_ rh_ ._=_ h_k_,,-_; hr..,_,,_, _ _ _ On° c_mp!ete _¢_IA¢._ _......_ ._

plished. It should be emphasized that with a properly designed shield, SCADS

sensor operation is achievable if the sun radiation incidence angle is less

than 900; however, interference caused by direct or reflected solar radiation

is clearly minimized when its incidence angle is 90° or greater to the optical

axis. Hence, the best cant angle should be chosen which maximizes the time

that the angle of incident solar radiation (direct or reflected) is greater

than or equal to 90 ° to the optical axis.

18
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FIGURE 4: Light ScatteringWhen Incident Rays

Are Less Than 90 u to Optical Axis

19



DESIGN ANALYSIS AND PROCEDURE

B. Determination of Field of View

After the cant angle has been determined, the next logical step in the

design procedure is to determine the optical field of view, FOV. The required

field of view is dependent upon how many star transits must be detected per

scan period in order to obtain a solution to the attitude determination prob-

lem. _"ne number of star transits required for a solution depends upon the

number of slits in the focal plane reticle. For SCADS-S 3 the on-board data

processing and data transmission must both be minimized, so a single slit is

required. For a single slit reticle, a minimum of three detected star tran-

sits per scan period is required in order to perform the star identification

step in the attitude determination procedure. Hence the field of view must

be sufficiently large so that the area scanned per scan period on the celes-

tial sphere contains with a high probability at least three stars brighter

than the detection threshold.

Clearly, the detection threshold (limiting required detectable magni-

tude) must be given before the field of view can be determined. Here is

where a reasonable initial assumption must be made since there is no unique

solution for the detection threshold. For instance, a small field of view

requires detection of dim stars, whereas a large field of view requires de-

tecting only brighter stars. However, for a given scan period, detection of

dim stars will require a large optical aperture whereas detection of bright

stars will require a small optical aperture. It is desirable to have both

the field of view and the optical aperture small, but this is not possible.

Generally for a SCADS type sensor a field of view larger than 40 ° is not

practical because very wide field of view lens designs are difficult and do

not yield sufficient image quality. Also, for SCADS-S 3 the optical aperture

must not be larger than two inches. Consequently, the detection threshold

must be chosen so all these restrictions are met.

Another rather broad restriction can be derived from the size of the

star catalog required for the star identification procedure. It is desirable

20
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that the number of stars in the star catalog should be as small as possible in

order to simplify the star identification. Table II lists the total number of

stars in the celestial sphere brighter than visual magnitude M .
v

TABLE II

TOTAL NUMBER OF STARS IN CELESTIAL

SPHERE BRIGHTER THAN VISUAL MAGNITUDE M
V

Total Number of Visual Magnitude

Stars ....... My

1

2

2

9

12

20

41

79

149

247

437

789

-1,0

- ,5

0

.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

If all orbital configurations and stabilization modes for the SCADS-S 3

sensor are considered, almost any point on the celestial sphere is a potential

pointing direction for the spin axis with the exclusion of the region about

the North and South Poles. For the spin stabilized modes, the vehicle spin

axis lies approximately in the equatorial plane. Since the optical axis will

be canted by an angle F with respect to the spin axis, the instantaneous

optical axis will be pointed somewhere in a rather broad band about the celes-

tial equator. Since the galactic equator is inclined by approximately 62

degrees with respect to the celestial equator, the optical axis will be pointed

21
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in regions of both high and low star densities. Consequently, for purposes

of determining the field of view required to enclose with a high probability

three stars brighter than magnitude My,it is permissible to consider the

optical axis to be randomly pointed on the celestial sphere. A computer

program has been written to determine the required area enclosed on the celes-

tial -pbere in order to include three stars brighter than visual magnitude M v

with a given probability.

The computer program positioned the optical axis st 2580 uniformly spaced

points on the celestial sphere. This was achieved by incrementing the dec-

lination of the zenith in steps of 4 ° from -88 ° to +88 ° declination. The

number of right ascensions was determined by

N = [90 cos 8], for -88 ° _ 8 S 880

where [x] = greatest integer _ x.

As special cases, the optical axis was centered at 8 = +90 ° and 8 = -90 ° .

The program was initialized with the reading in of the star data (right

ascension, declination, and magnitude) cards, which were sorted from brightest

to dimmest. The star data was obtained from the 789 stars brighter than +4.5

magnitude listed in Atlas Coeli. Then, a declination was fixed, and the

right ascension values were computed and fixed.

The zenith angles of all 789 stars were then computed using the relation-

ship,

= + cos 6 cos 8. cos (_ -_i )cos z. sin 6 sin 8 il i

22
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where

z. = zenith angle of the i th star = angle between optical axis and i th
l

star

_. = right ascension of the ith star
l

6. = declination of the ith star
i

6 = declination of the optical axis

= the right ascension of the optical axis.

Next, a magnitude limit was set. For a fixed position of the optical

axi% zenith angles of all stars brighter than this limit were ordered from

smallest to largest. The first, second, third, and fourth smallest angles

then corresponded to one-half the required field of view to see one, two,

three, or four stars in the field of view, respectively. The magnitude limit

was then lowered in steps of +.5 and the sort repeated. This was done for

nine magnitude limits from 0 to +4.0 in steps of .5. Then the right ascension

of the optical axis was stepped and the above procedure repeated.

After all computations were completed and tabulated, the results were

plotted as shown in Figure 5. As an example, Figure 5 shows that three or

more stars of magnitude +3.5 or brighter were always within a 60° = @ field

of view for each of the 2580 pointing directions. Here the field of view was

taken to be the entire field with no central dead zone, and the optical axis

was coincident with the spin axis. Hence, the area scanned on the celestial

sphere by a field of view of 8 is given by (See Figure 6)

8

62 = _ _ _ = 2_ e
SA = _ 8 0 J _ 0 sin 8 d_d8 = 2_ (I - cos _) steradians

1

where @ = the uncanted field of view centered on the spin axis.

In order to insure that three or more stars brighter than magnitude M are

scanned by a field of view whose optical axis is canted at an angle F with

respect to the spin axis, the area scanned by the canted field of view must be

equivalent to SA. Therefore, the required canted field of view is given by
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FIGURE 6: Elemental Scanned Area on Celestial Sphere
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2n[cos (F - FOV/2) - cos (F + FOVI2)] = 2_(i - cos 8/2)

which may be rewritten as

8

For (i - cos_- )
sin _ =

2 2 sinF

It is clear that if we select the limiting detectable star magnitude,

then the required field of view is determined for a single slit system for a

given cant angle and a randomly pointed sensor.

Because of convenience due to existing data, the field of view is ini-

tially determined above from data obtained by using visual star magnitudes, al-

though as will be seen later in this section, the photomultiplier response is

more closely matched to the photographic star magnitudes. Consequently, a

detailed star availability search will be described in Section VIII using

photographic star magnitudes. The results of that section confirm that the

initial estimate of the field of view using visual magnitudes is sufficiently

accurate. Evidently the statistical distribution of stars for this applica-

tion is such that the required field of view is not strongly dependent on

star color classification.
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C. Selection of Photomultiplier

In order to achieve adequate signal-to-noise ratios with a minimum aper-

ture optical system for the detection of star signals with the S3 sensor, it

is required that the photodetector for S3 be a photomultiplier. Previous in-

vestigations have shown that current solid state detectors are inadequate or

at best marginal for a SCADS-type sensor rotating at relatively short scan

periods. One of the principal reasons for the superiority of photomultipliers

is the relatively noise-free gain achieved by the electron multiplication

provided by the secondary emissions of the photomultiplier dynode chain [4].

The dynodechain provides adequate gain to raise the signal levels well above

the level of the thermal Johnson noise of the photodetector load resistor.

Extensive investigation has been performed in the applicability of photo-

multiplier tubes for SCADS systems. The results of these investigations have

shown that venetian blind tubes are optimum for several reasons; in particular,

the rugged tube structure, the large photocathode area, and the high multi-

plier gain are some of its outstanding characteristics. Venetian blind

photomultipliers have been utilized in two previous SCADS-type experimental

systems. For a Breadboard Design of a SCADS System (NAS5-9661), a venetian

blind tube designated as the EMR-543A (manufactured by Electro-Mechanical

Research, Inc.) was employed. For the ATS Self-Contained Navigation System

Experiment, the venetian blind photomultiplier employed was an EMR-541E.

Both tubes were ruggedized and capable of withstanding the environment of

space vehicle launching. Since both tube types supplied by EMR performed

satisfactorily, this feasibility study will primarily consider EMR photo-

mu it ip liers.

The cathode type employed by the photomultiplier is particularly impor-

tant in SCADS sensor applications. It is desirable that the cathode exhibit

high quantum efficiency and a low dark emission rate. EMR has given letter

designations to indicate different cathode types. For example, the EMR-543A

has a cathode designated as an "A" cathode, and its response conforms closely
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to an S-4 responsewith a typical peak quantumefficiency of 14 percent and a
cathode dark current of .274 x 10"15 ampere per square centimeter of cathode

area at +20°C. Similarly, the EMR-541Ehas an "E" cathode which conforms

closely to a S-20 response with a typical peak quantumefficiency of 25 per-
-16

cent and a cathode dark current of .407 x I0 ampere per square centimeter

at -Lon°_ _, ,,_,,,',_t-hnA_ h_q _ broad range of spectral response DIBs its

peak sensitivity corresponds closely with the spectral energy distribution of

blue stars. More recently EMR has announced the "N" type cathode which has

a higher quantum efficiency than the "A" type but somewhat less efficient

than the "E" type. The "N" cathode response conforms closely to the S-II

response. Typical peak quantum efficiency of the "N" cathode is 21.5 per-
-17

cent, however its dark current is .51 x I0 ampere per square centimeter

at +20°C. Hence, its dark current characteristic is much superior to either

the "A" or "E" cathodes. In addition, the '_q" cathode can withstand a much

higher temperature (+150°C) than either the "A" (+75°C) or "E" (+85°C) cath-

odes. The high temperature characteristic is particularly attractive since

some cathode heating is likely to occur whenever the sensor sees either direct

sun radiation or earth-reflected sun radiation.

Because of its desirable characteristics of relatively high quantum effi-

ciency, low dark current,and tolerance to high temperatures, the EMR type

"N" cathode is recommended for the SCADS-S 3 sensor. The type '_N" cathode is

currently available in two ruggedized EMR photomultipliers, the EMR-541N and

the EMR-543N. The active cathode diameter of the EMR-541N is 25 millimeters

and the active cathode diameter of the EMR-543N is 43 millimeters. Because

of its smaller size, the EMR-541N has been selected for application in the

SCADS-S 3 sensor.

Data sheets for the EMR-541N photomultiplier are shown in Appendix C.
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D. Sensitivity of Photomultiplier to Star Radiation

For a given photomultiplier it is possible to determine the response of

the tube to star radiation. To calculate signal currents at the photomulti-

plier output, it is necessary to know the absolute spectral energy distribu-

tion (ASED) for the star spectral class which contains the greatest percentage

of stars. It has been shown that star spectral class A contains the greatest

percentage of the I00 brightest stars [5]. Code (1960) [6j__ has published data

from which the ASED of Vega (spectral class AO) can be calculated.

Code gives the monochromatic magnitudes of Vega as a function of wave

number (inverse of wavelength). These magnitudes can be converted to mono-

chromatic magnitudes as a function of wavelength by using the transforma-

tion [7 ]

M(%) = m(I/%) + 5 lOgl0 [_o _.

In this case %o = .556 micron. The monochromatic intensity of Vega at wave-

length k relative to the intensity at 4° can be obtained from the expression

f(_) = 10-'4[M(k) - M(lo) ]

f(k o)

where M(%o) = 0.0 at %o = .556 micron. The relative spectral energy distribu-

tion (RSED) for Vega can be obtained by plotting f(l)/f(%o) versus 4. By

determining f(.556), the absolute spectral energy distribution of Vega can be

obtained. Based on measurements, Code has adopted a monochromatic flux value
-12

of 3.8 x i0 watt per square centimeter micron at .556 micron from a star

of visual magnitude M = 0.0. Figure 7 shows a plot of the absolute spectralv

energy distribution for Vega.
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The absolute spectral energy distribution for Vega is modified by the

spectral response of the photomultiplier cathode, resulting in an effective

spectral energy distribution for Vega as shown in Figure 8. The spectral

response of the EMR-541N cathode is shown in Figure 7. Numerical integration

of the effective spectral energy distribution in Figure 8 yields a cathode

i0" 14current of 7.92 x ampere per square centimeter of optical aperture.

The visual magnitude of Vega is +0.04. The cathode current for a Vega type

star of visual magnitude Mv can be obtained by scaling the cathode current

by the factor 10-'4(Mv '04) = 1.04 x 10"4Mv. So a class AO star of visual

magnitude Mv causes a cathode current of SK 8.25 x 10 "14 .4M= x I0" v ampere

per square centimeter for I00 percent optical efficiency.

Similar calculations have been made for the "E" and "A" cathodes. The

results of these calculations are stated as follows for a om0 visual magni-

tude class AO star and I00 percent optical efficiency:

"E" cathode sensitivity - 10.3 x 10-14

"A" cathode sensitivity - 5.49 x 10-14

ampere

ampere

per square centimeter

per square cantimeter.

It is of interest to determine the type N cathode response to stars of

different spectral classification, particularly for those stars whose energy

distributions peak at a longer wavelength than do the class A stars. Figure

9 shows the spectral energy distribution for a 0m0 visual magnitude class

M21a star (Betelgeuse class). The resulting effective spectral energy distri-

bution is shown in Figure i0. Numerical integration of the effective spectral

energy distribution of Figure i0 results in a cathode current of

- 14 -.4M
SK = 2.14 x i0 x I0 v amp 2

(cm)

for 100% optical efficiency. Similarly, Figure 9 shows the spectral energy

distribution for a 0m0 visual magnitude class KSIII star (Aldebaran class).
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Numerical integration of the effective spectral energy distribution of Figure

I0 results in a cathode current of

_- 10-14 .4M
SK 2.33 x x 10- vamp 2

(cm)

for 100% optical efficiency.

The reason that different values of cathode current result from stars of

the same visual magnitude but different spectral class can be explained by

the fact that the combined spectral response of the visual photometric system

(V filter and IP21 photomultiplier) does not match the spectral response of

the EMR541N photomultiplier. The discrepancy is not particularly trouble-

some to a SCADS sensor since star intensity data is not essential in solving

the attitude determination problem. Even if star intensity were of importance,

it would be possible to determine an instrument magnitude for each star class

by assigning a correction factor to the visual magnitude. For instance, for

8.25

a class M2 star the magnitude correction factor can be determined by _ =

lO+'4Mc. Hence, the instrument magnitude for a class M2 star would be

M I = M v + M c

In order to more accurately determine the magnitude correction factor, the

spectral response of the lens system should be included in the star effective

spectral energy distribution.

The actual instrument response as a function of color class and star

magnitude is not particularly important except in performing the detailed star

availability search. For this task, it is necessary to give some considera-

tion to the instrument response to red stars in order to insure that three or

more stars in the field of view, regardless of color class, exceed the

threshold limit. Adequate consideration to this problem is given by working
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with star magnitudes which more closely match the actual instrument response.

As has been shown, visual magnitudes are not suitable since the instrument

response from a class M star is down by 1.47 magnitude from the instrument

response from a class A star having the same visual magnitude. However, it

can be shown that photographic magnitudes are suitable for performing the

star availability search.

Although the instrument is calibrated on the absolute spectral energy

distribution of the blue star Vega using its visual magnitude, the relative

and absolute instrument responses for photographic magnitudes can be readily

determined. The photographic star magnitudes can be obtained from the trans-

format ion [8]

Mp= .11+M v

where _ = the blue magnitude of the star,

and MB - Mv = star color index.

Two specific stars will now be considered, one blue and the other red. For

the blue star Vega (class AO, Mv = +.04), its color index M B - M v = 0.0, so

M = -0.7. For the red star Betelgeuse (class M2, M = 0.7), its color index
p v

is M_ - Mv = 1.86, so Mp = 2.44. So for photographic magnitudes, red stars

appear much dimmer than blue stars which have visual magnitudes comparable to

the red stars. This more nearly agrees with the relationship for the instru-

ment responses derived respectively for blue and red stars.

The instrument response to a class AO star of nmgnitude M has been de-
V

termined as

= i0" 14 -.4M
SK 8.25 x x i0 v

In terms of photographic magnitudes, the instrument response is given by
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SK = 8.25 x 10"14 x 10+'4_B - My) 10-'4(Mp + .ii)

Nowfor stars which are more red than the spectral class AOstars, the color

index MB - Mv > 0[8], so for a given photographic magnitude the instrument

response to red stars is always greater than is the instrument response to

class AOstars. Henceby calibrating the instrument on a class AOstar (color

index MB - Mv = 0.0) and employing photographic magnitudes, it is certain that
for the limiting photographic magnitude, adequately detectable signals will
be received for almost all star classes since most stars are more red than
spectral class AOLSj. Photographic magnitudes will be used for the detailed

r _

star availability search described in Section VIII.
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E. Electronic Filter Analysis

The next step in the design procedure requires determination of the

optical aperture. This requires analysis of the star signal detection problem

which must be preceded by an analysis of the signal filtering problem.

Figure ii shows the photomultiplier output as a series of impulses where

each impulse corresponds to a single randomly emitted electron from the photo-

cathode. For very weak light intensities, the average photocathode emission

rate is relatively low so that star detection by electronic counting of the

individual emissions during a sliding time interval T is practical. How-s

ever, for a SCADS sensor, the stellar background plus bright star intensities

make star detection by counting individual photocathode emissions impractical.

Instead, time averaging of the photomultiplier output signal and subsequent

threshold level detection is more practical. Time averaging of the star sig-

nal is performed with an electronic low pass filter. Because of the random

emissions of the photoelectrons from the cathode while the star is in the

slit, the time averaged star signal contains a random amplitude noise compo-

nent superimposed on its true average value. The random noise amplitude

component is commonly referred to as shot noise.

The ability to detect star pulses from a photodetector in the presence of

shot noise caused by background and star radiation is greatly influenced by

the design parameters of the low pass electronic filter shown in Figure Ii.

Analysis of the filtering problem is complicated by the fact that the RMS

noise is dependent on the amplitude of the signal as described by the shot

noise equation,

(1)

where

Is = average current produced by star radiation striking the photodetector

IB = average current produced by stellar background radiation striking the
photodetector
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ID = average dark current of the photodetector

Af = noise equivalent bandwidth of the electronic filter.

Because the noise is dependent upon the signal, the noise is non-stationary.

Consequently, to achieve optimum filtering it is apparent that the parameters

of a linear filter must change with the amplitude of the signal, i.e., the

............ _ I.^ ,-J...... "_--+ ..,....,A I.,,= .-.a.._o'kl=, ,-_ a,_a,_'4._ *J_Ph _h_

magnitude of the pulse being filtered. It is impractical to implement a time

variant linear filter, so to simplify matters, it will be assumed that the

RMS noise is not dependent upon the signal level, in which case, the noise is

considered stationary. Therefore, only linear time invariant filters will

be considered.

The objective in filtering star pulses in the presence of shot noise is

to minimize the attenuation of the signal while maximizing the attenuation to

the RMS noise. This is equivalent to maximizing the ratio of peak signal to

RMS noise. If the bandwidth of the filter passband is wide compared with

that occupied by the signal energy, extraneous noise is introduced by the

excess bandwidth and lowers the output signal-to-noise ratio. On the other

hand, if the filter bandwidth is narrower than the bandwidth occupied by the

signal: the noise energy is reduced along with a considerable part of the

signal energy. The net result is again a lower signal-to-noise ratio. Thus

for a given filter transfer function with a given input signal, there is arL

optimum bandwidth at which the signal-to-noise ratio is a maximum. For a

given input signal: different filter transfer functions will yield differing

maximum signal-to-noise ratios at the respective optimum bandwidths. The

filter transfer function which yields the highest possible output signal-to-

noise ratio is called a matched filter. It can be shown that the impulse re-

sponse of the matched filter is the reverse image of the input signal; that

is, it is the same as the input signal run backward in time [9]. Therefore:

if the input signal is symmetrical in time, the impulse response of the

matched filter must also be symmetrical. The output signal from any filter

can be described by the convolution integral of the filter impulse response

/
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and the input signal.

y(t) = _ f(T) • h(t - T) dT (2)

where

f(t) = the input signal

h(t) = the filter impulse response.

So if the input signal is symmetrical, then the output signal from a matched

filter is also symmetrical.

A matched filter may not be physically realizable depending upon the form

of the input signal it is required to match. If a matched filter is not

physically realizable, then the desired filter is a physically realizable

filter which has the highest output signal-to-noise ratio for the given input

signal. If one filter tzansfer function has a higher maximum signal-to-noise

ratio than another transfer function for a given input signal, then the filter

with the higher signal-to-noise ratio is closest to matching the signal. So

by calculating and comparing the maximum signal-to-noise ratios for two or

more filter transfer functions and a given input signal, the filter most

closely matching the input signal may be determined.

The form of the star pulse from the photodetector of a scanning optical

system depends upon the energy density profile of the star image blur circle

and the relative size of the rotating slit with respect to the blur circle.

If the optical system produces a diffraction pattern that is two dimensional

Gaussian, the energy density in the focal plane is given by [10j__

¢ols i (x2 + y2)]
l(x, y) = 2-_exp E 2

(3)

where

41
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c denotes the optical efficiency,
O

k = average number of photons received from the star per unit time,
S

= dispersion of the diffraction pattern on the focal plane,

and the slit width is chosen such that 80 percent of the star radiation passes

the slit when the blur circle is centered in the slit. If T s equals the time

it takes the center of the star image to cross the slit. then the average

photon arrival rate at the photomultiplier is described by [I0]

fs (t) = ¢o ks G(t)
(4)

where

c(t)--, _, t

and

t
2

(t) =----l-l__ _ e- ½ x dx.

_/2rr "_

Note that 80 percent of the star radiation passes through the slit when [I0]

T
S

= 1.28 _.
2

The function G(t) is graphed in Figure 12.

by

The average value of the photodetector output signal will be described

f(t) = K G(t) (5)
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The impulse response in Equation (2) can be obtained analytically by

finding the inverse Laplace transform of the filter transfer function, H(s).

In general, H(s) will contain terms of the form

2[a( s + _) + bS]

,s ,2 _2

i_+_) +D

(6)

whose inverse transform is of the form

hi(t ) = 2a w e -C_t cos (Bwt) + 2b w e -C_t sin (8_t) (7)

Equation (2) cannot be integrated in closed form after substitution of

Equations (5) and (7). However, G(t) can be approximated by

f(t) = (.8)cos21_ k t)

= 0

for - ko_< t _< + ko (8)

e isewhere ;

where k is selected to "minimize" the discrepancy between G(t) and f(t).

can be shown that [I0]

It

J G(t) dt = Ts (9)
--CO

Also

_+0o f(t) dt = .8 k_ (i0)

Now if G(t)/T s and f(t)/.8 ko are considered as probability density functions,

their second moments can be equated to determine k. It has been shown that

the second moment [I0]
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__ Ts

The second momentfor f(t)/(.8 k_) has been evaluated as

(n)

t=+ko
2 n t

(.8) _ t2 c°s(.8k_)_'_ 2 _= (ko)2--_ - I = (_.ko.2

t=-k_ n

(. 130688)

For Ts/2O = 1.28, k = 3.44.

f(t) = (.8) cos 2 At

= 0

where

Hence,

e isewher e;

(12)

A = TT
6.88_

The function f(t) = (.8) cos 2 At is shown graphed in Figure 12.

shifting the time axis of Figure 12, G(t) can be approximated by

By

f(t) = (.8) sin 2 At = (.8)/2 (I - cos 2 At) for 0 < t < n/A

f(t) = 0 elsewhere.

(13)

Now Equation (2) can be integrated analytically after substitution of Equations

(7) and (13).

The optimum value for w c is that value which maximizes the ratio

S Ypea k(t ' _c )

N ItlNS
(14)
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where

+co

2 2 ooi IHfjx)12dx
IRMS

0 -co

(15)

= mean noise output power from the filter with white noise input [II]

j(x) =j m__: s__
w c uJc

N R = input RMS noise per unit bandwidth

= [2e(I s + IB + _)]%

Comparing Equations (i) and (15) shows that the noise equivalent bandwidth is

given by

+=0

Wc J_ 2af -- _ IH(jx)l dx
(16)

Since the integral in Equation (15) evaluates to a constant, the value of wc

which maximizes Equation (14) may be simply determined from the ratio

Ypeak (t, wc) (17)

If two or more filter transfer functions are to be compared, Equation (15)

must be evaluated and used to determine Equation (14) for each case. The

transfer function which has the largest maximum value for Equation (14) has

the impulse response which most closely matches the given input signal.

By comparing the maximum value of Equation (14) for a two pole transfer

function with the maximum value of Equation (14) for the six pole case, it is
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possible to compare the effectiveness of each filter.

The two pole transfer function of a linear phase shift versus frequency

filter is given by LI2j_"

l i{
H(s) = ( s)2 =4-- + + 1

_0c Wc

(18)

where

b = 1.51186

= .375

8 = .331

The numerator of Equation (14) will be evaluated by writing the analytic

expression for y(t) and then numerically determining Ypeak(t, u>c) with a pro-

grarmned digital computer. In order to determine y(t), the filter impulse

response must be known. The filter impulse response is

2 e'_Wt
h(t) = _ b w sin(_wt)

h(t) = 0

for t > 0

for t < 0.

(19)

The expression for y(t) is given as follows by the convolution integral:

y(t) = _f(T) • h(t - T) dT (20)

where

in2 i cos 2 AT for 0 < 7 <f(T) = s AT = 2 2 -- --

f(T) = 0 e_ewhere.

(217
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and in general

)}+ +io )}]l 2aoo cos l= -ofiW(t-7) -_i w (t-7 )
k i iw (t-7 2b.w e si (t-7

i

Since the terms of y(t) are similar for a given value of subscript i, the

derivation will proceed for all terms having the same subscript. The terms

of y(t) for the remaining subscripts are then summed to give the final result.

For the remainder of the derivation let

a = a.w b = b.w
1 1

u = u.w B = Bimi

Yi (t)

k

-_t

e _ OfT= (2a cos 8t ÷ 25 sin St) _ e cos _7 d7

e'_7 _ e 0iT+ (2a sin _t - 25 cos St) _ sin 87 d7

-oft
e

- (2a cos 8t + 2b sin 8t)

e_7

eofT

cos[(ZA+ _) 7] dT i

cos[(2A - 8) 7] dT!

e-_t _eof7+ (-2a sin 8t + 25 cos St) _ cos 2AT sin 87 d7
(221

For 0< t< A ,

Yi (t)

k

i
= - _(a cos 8t + b sin St)

i+

U cos[(2A+8)t] + (2A+_) sin[(2A+_) t]

2
U + (2A + 8) 2

u cos[(2A-B)t] + (2A-8) sin[(2A-8) t]

2
U + (2A - 8) 2
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+_ (a cos 8t + b sin 8t)e "c_t 2 + (2A + 8)2 + 2 B)2+ (2A-

i
+ _ (-a sin Bt + b cos St)

sin[ (B+2A)t] - (_+2A) cos[ (_+2A) t]

2
+ (_ + 2A) 2

sin[_-2A)t] - (B-2A) cos[ (_-2A) t]+_
2

+ (B - 2A)2

1 {,4_ (-a sin 8t + b cos 8t)e "c_t (P + 2A)2
+ (B + 2A)2-

+ (_ - 2A) 1

2 + (8 _ 2A)2J

+
a_ + b_ [_ + bS] e-_t2 B2 - 2 B2_J cos Bto/ + +

+ Ea2 - ba_ e-at
+ B2 sin 8t

(23)

TT
For t >_ = 6.5 = R

yi(t)
T = (a cos 8t + b sin 8t)e "¢_t { e_R(_ cos pR+ p sin _R) - g}

2 B2ff +

+ (a sin _t - b cos _t)e -_t {e_R(_ sin _R - _ cos BR) + B}
2 tB2+

49



DESIGN ANALYSIS AND PROCEDURE

i
- x(a cos 6t + b sin -"St)e-_t

{ e_R[_ cos[(2A + 6)R] + (2A + 6) sin[(2A+8)R]]2 2
= + (2A + 8)

+

+

e_R[_cos[(2A - 8)R] + (2A - 6) sin[(2A-8)R]]

2 )2+ (2A- 8

+ "_ [

2 8)2 2 6)2+ (2A + _ + (2A-

i
+ 7(- a sin pt + b cos 6t)e'_te -R

_ sin[ (8+2A)R] - (6+2A) cos [ (8+2A)R]2
+ (6 + 2A)2-

+
sin [(8_2A)R] - (6-2A) cos [ (_-2A)R]

2
+ (6 -2A) 2

I _ (8 + 2A)+ 7(- a sin 8t + b cos 6t)e "_t 2 + (_ + 2A)2 2 _ 2A)2}ot +(8

Finally, y(t) = ZYi (t)

i

(24)

The denominator of Equation (14) may be evaluated by finding the partial

fraction expansion of the integrand of Equation (15) and then applying the

residue theorem for integrating about a closed contour [13]. The terms of the

partial fraction expansion whose poles are in the upper half of the complex

plane have been determined to be

(1.51186 - j 1.3333) (-1.51186 - j 1.3333)
(x + .3307 - j .375) ' (x - .3307 - j .375)

The complex number in each numerator is the residue of the integrand at the

pole in the denominator. Now, by applying the residue theorem to evaluate
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the contour integral along a contour enclosing the upper half of the complex

p lane

+=

_[ JH(jx) j2 dx = (.25) 2 2n j [-2j(1.3333)] (25)
--OO

So the noise equivalent bandwidth is

Af = .5236 f
C

and

= NR 2 Wc(.288675) 2

Equation (14) has been numerically determined versus w c for an arbitrarily

chosen value of _ = .945 second in Equation (12). The results are graphed in

Figure 13.

The results show that for _ = .945 second, the maximum output signal-to-

noise ratio occurs for w = 1.425. Hence, the product of _ w at the highest
C c

signal-to-noise ratio is

G w ffi(.945)(1.425) = 1.3466.
C

(26)

This represents the condition for which the filter impulse response is most

closely matched to the input signal.

( t)f(t) = sin 2 '6_88

--0

, for 0 < t < 6.88

e Is ewhere.

For the two pole transfer function, the maximum output signal-to-RMS noise

ratio occurring for w c = 1.425 is 2.1659. Evaluation of Equation (14) for a
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six pole linear phase versus frequency filter shows that there is only a loss

of 1.8 percent in the ratio of peak signal-to-RMS noise for a two pole filter

when compared to its six pole counterpart. This result tends to indicate

that a two pole linear phase filter is adequate to smooth star pulses for

applications where exceptional system accuracies are not required.

Further analysis shows that Equation (26) may be rewritten in terms of

the slit transit time, Ts. Since Ts = 2.56_

3.4473

Wc = T
S

radians per second. (27)

But for a slit radial to the spin axis, T
S

and slit width, SW, by

is related to the scan period, T,

SW • T
T =
S 21,600

seconds

where

SW = slit width in arc minutes projected onto the celestial sphere, and

T = scan period in seconds, so

74_461.68 radians per second. (28)W c =

SW • T

Equation (28) gives the value of wc which matches the two pole filter im-

pulse response to the signal for a given scan period. A question of particu-

lar interest concerns the change in the filter response if the scan period

varies while the filter parameter, Wc, remains fixed. This question may be

reasonably answered by observing Figure 13. For this figure, the signal was

fixed and w c was varied by almost a factor of two causing an approximate

change in peak signal-to-noise ratio of only 6.5%. Therefore, it can be
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reasonably concluded that the scan period can change over a relatively broad

range without causing intolerable or catastrophic degradation in the per-

formance of a fixed frequency filter.

Figure 14 shows a plot of the noise-free input signal, f(t), and the

noise-free output signal, y(t), for w = 1.425 and o = .945. As shown in

Figure 16 for w = 1.425, the noise-free input peak of unity is reduced by

the filter to an output peak equal to .7464. The peak of the noise-free input

signal corresponds to 80 percent of the star radiation striking the photo-

cathode. Since IS = the average current produced by I00 percent of the

star radiation striking the photodetector, then the input signal peak cor-

responds to .8 Is . Hence, the output signal peak corresponds to (.7464)(.8)I S

= .597 Is . Consequently, the peak output signal-to-RMS noise ratio is

expressed by

S = (.597) IS (29)

N (1.26)[2e(.8 IS + IB + ID) Af] ½

where

Af = (.524)(11851) = 6210

SW • T SW • T

and the denominator factor of 1.26 accounts for noise introduced by the photo-

multiplier dynode chain [4] Figure 14 also shows the filter impulse responsee

h(t), plotted for w = 1.425.

If measurements of the star signal peaks were made at the filter output

for a given star, it would be expected that the RMS variation in these measure-

ments would be N • Gt where G t is the photomultiplier tube gain. If the

variation of the intensity measurement °l
, .I_ , is defined as the ratio of the

RMS variation in the signal peak to the average value of the signal peak,

then this ratio must be equivalent to the reciprocal of the peak signal-to-
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FIGURE 14 : Star Pulse Input Signal to Filter, f(t);

Filter Impulse Response, h(t); and

Output Signal, y(t)
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RMS noise ratio. Hence:

°I N
m _ m

I S "

The second order transfer function of Equation (18) may be implemented by

the circuit shown in Figure 15. The design procedure for obtaining the values

of R and C involves matching the poles of the desired filter transfer function

with the poles of the circuit transfer function. If K = I in Figure 15, then

and

4

CIC2RI_ :

cOc

(30)

3

C2(R2 + RI) = __

Now let _ = R I = R, so that

3 8

C2 =2-_c and C I = 3Wc----_

(31)

56



DESIGN ANALYSIS AND PROCEDURE

C I

R I

÷

El(s)

C

R 2

",hA,

C2
Eo(S )

m

:)

_. (s)
o

_'l (s)

K

FIGURE 15: Practical Circuit Configuration Having Quadratic

Transfer Function for Low Pass Active Filter
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F. Determination of Optical Aperture

In order to determine the required optical aperture, it is first neces-

sary to analyze the problem of star signal detection. For the SCADS-S 3

sensor, star signal detection will be achieved by threshold detection of the

filtered analog signal. In this section, determination of the threshold

level for a permissible false detection rate will be based on results derived

by S. O. Rice LI4j_. The required optical aperture diameter will then be de-

termined to detect a given magnitude star with a fixed detection probability.

Rice has shown that a noise signal at the output of a low pass filter

having an amplitude probability density function which is normal will pass

through the threshold value IT with a positive slope an average number of

times per second equal to

iT . IBD ) 2(i.155) exp -1 \ r_ S fb
(32)

where

IT = threshold value of current

IBD = average value of noise current

IRM S = RMS value of noise current

fb = noise equivalent bandwidth of low pass filter in cycles per second.

It has been shown in Section IV-E that the noise equivalent bandwidth

for a two pole linear phase shift versus frequency filter has been determined

to be

6205.15
fb = -_ cycles per second (33)

SW • T

where
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SW = slit width in arc minutes projected onto the celestial sphere,

T = scan period in seconds.

Hence, the average number of threshold crossings per scan period, Nf, equals

2

- % IT - IBi)1Nf = 7166"95e._ (IYR_IS

SW

(34)

So

h: __ (35)

The values of IT, IBD and IRM s are taken as current values at the output of

the photocathode. The value of IRM s is obtained from the shot noise equation

with an additional factor included to account for photomultiplier noise. The

current levels at the photomultiplier output can be obtained by multiplying

all three values by a noise-free constant equal to the gain of the dynode

chain. So at the cathode, the NMS noise equals

] ½ (e charge on an electron)IRM s = 1.3 2e IBD Af , = (36)

where the factor of 1.3 is included to account for noise introduced by the

photomultiplier dynode chainL4J.r _ In Section IV-E it has been shown that the

noise equivalent bandwidth for the two pole filter may be expressed as

.2873

Af = fb = cycles per second (37)T
s

where T = time required for the center of the star image blur circle to cross
s

the slit.
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Next, the following quantities may be introduced,

IT T
s (38)

nT = e

IBD Ts

nBD = e

where n denotes the average effective number of equally weighted photocathode

emissions occurring during a transit interval, T . After substitution of
s

Equations (36), (37), and (38), Equation (35) may be rewritten as

nT = (1.3936) [nBD_n 716!.95_
Nf _ + nBD

(39)

The limiting detectable star magnitude can be determined by considering

the value of I required in order to exceed the detection threshold I T a

specified fraction of the time referred to as the detection probability. Con-

sequently, the detection level must be

IT_< IBD + I - k IEM S

where

I = the peak value of the star signal at the filter output,

IRM S = the _MS output noise generated by the average peak signal level at
the input to the low pass filter, and

k = constant determined by the required detection probability, Pd"

The constant k is determined from Pd 1 k IRM S ) dl.

2_ IRMS __

In Section IV-E it has been shown that the peak value of the star signal at the

output of a two pole linear phase filter is

I = .597 I s (41)
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where Is = the average photocathode current produced by I00 percent of the

star radiation striking the photocathode. Equation (41) assumes that 80 per-

cent of the star radiation passes the slit when the blur circle is centered

in the slit. The RMS noise current in Equation (40) is given by

IRM S = 1.3 L2e(.8 Is + IBD ) fb2 (42)

Substitution of Equations (371, (38), and (39) into Equation (40) yields

(nT - nBD- .597 ns)2 = _-k(1.3)_(.57461(.8 ns + nBDI]½_ 2 (43)

Equation (431 can be written as a quadratic in n
8

(.597 ns )2 - ns_l.194(n T - nBD ) + (1.3 k) 2 (.5746)(.8)]

+ (nT - nBD )2 - (1.3 k)2 (.5746) nBD = 0 (44)

From a table of the error function, k = 1.66 for a detection probability

of 0.95. So Equation (44) becomes

(.3564)ns 2 - ns_l.194(nT-nBD I + 2.141] + (nT-nBDI 2 - 2.676 nBD = 0 (45)

The limiting detectable star magnitude, M, can now be obtained by equating

n e

s SK 10-.4M n D2Is = _--- = co _ (46)
s

where

c° = efficiency of the optical system,
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So

SK = sensitivity of the cathode to a zero magnitude star per unit area
of optical aperture,

D = diameter of the optical aperture.

M = 2.5 log I n s • e e° S or

F 4 lo'4M _ns ." e./ _½

(47)

(48)

The optical aperture, D, can be determined if the following quantities are

known or assumed:

(a) SK = photocathode sensitivity,

(b) 82 = angle between the field of view outer edge and the spin axis,

(c) eI = angle between the field of view inner edge and the spin axis,

(d) _ = rotational slit width

(e) N s = number of radial slits

(f) N B = equivalent stellar background,

(g) e° = efficiency of optical system,

(h) _ = dark current of the photocathode,

(i) M = limiting detectable magnitude,

(j) Nf = an average number of false star detections per scan period,

(k) T = scan period.

Items (a) through (h) are required to determine

IBD = IB + ID

where IB = cathode current generated by stellar background radiation striking

the photocathode. The stellar background radiation, NB, is commonly expressed

in terms of tenth magnitude stars per square degree of slit area projected
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onto the celestial sphere. The total slit area projected onto the celestial

sphere is

SA = NS_0 (cos OI -cos %) 180 (degree)2

where SW is expressed in arc minutes.

With SK expressed in terms of amperes per square centimeter and D in

centimeters, IB, can be determined for a given D by

n D2IB = ¢o " NB " SA " SK x 10 -4 (49)

The solution for D must be obtained by an iterative numerical! method

since D cannot be expressed explicitly from Equations (39), (45), (48) and

(49). It is also necessary to assume specific values for ¢o' NB_ Nf,and SW.

These parameters cannot he solved for explicitly; however, realistic values

can be assigned for each based on either experience or a worst case condition.

For instance, the true efficiency, eo, of an optical system is a complex

function of multiple variables describing a lens system. Since part of the

design problem is to determine a SCADS lens system, it is required that a

realistic overall optical efficiency be assumed. Such a realistic value is

¢o = .5 = 50%. In general, this is somewhat below the efficiency of the

actual lens; however, it represents a suitable assumption.

For the case of the stellar background, NB, a worst case value will be

assumed based on total integrated starlight for stars of sixth magnitude and

weaker [8]. Over the celestial sphere, the background level varies from 15

to 323 tenth magnitude (photographic) stars per square degree. Hence, the stellar

background is taken as NB = 325 tenth magnitude stars per square degree.
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In the case of the false detection rate, Nf, the choice is somewhat
arbitrary. False detections are undesirable since they lengthen the computer

running time of the star identification procedure and contribute no informa-

tion in terms of attitude determination. In addition, the useful capacity
of data storage and telemetry transmission is reduced. For the SCADS-S3 de-

sign procedure, the average false detection rate is taken as Nf = one per
five scan periods.

The choice of slit width, SW, is probably the toughest to makesince it

involves the accuracy of the overall system. It is desirable to make the

slit as wide as possible since for a given scan period this causes a star to

be in the slit longer and therefore allows a longer integration (time aver-

aging) of the star pulse. It can be shownthat for a given false detection

rate and detection probability, a wider slit allows a smaller optical aper-

ture. However,widening the slit reduces the accuracy with which the star
can be located. So the slit should be selected to be as wide as possible

and still meet the system accuracy requirement. Experience in performing

error analysis has shownthat with input azimuth errors to the constraint
equations of three arc-minutes, the three axis attitude errors are six

arc-minutes or less for approximately 80 percent of the time. Experience

in performing error analysis has also shown that the azimuth position of a

star can be located with an accuracy better than one-sixth of the slit width.

So for a three arc-minute or less NMS azimuth error, the maximum allowable
o'%

slit width, SW, is 18 arc-minutes for SCADS-S 3. A detailed error analysis

confirming the above assumptions will be presented in Section VIII.
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G. Sun Shield Analysis

The primary purpose of the shield for the SCADS-S 3 sensor is to prevent

direct sunlight from falling on the lens surface. Several theoretical shield

designs are discussed in this section which can accomplish this mission.

The designs presented here are generally of two connected cones, of which

the one next to the optics is primarily delineated by the field of view. This

inner cone is slightly larger than the field of view. The other larger cone

serves to shield the inner one from all direct sunlight. Since direct sun-

light does generally fall on the outer cone its angle is taken large enough

so that it cannot be "seen" by any part of the optics.

This is shown schematically in Figure 16 where 8 is the field of view

and cone angle of the inner cone, _ is the angle of the outer cone with

respect to the optical axis, 8 is the minimum allowable angle wmde by the

sun's rays with the optical axis, and D is the diameter of the optics.

In general, the smallest possible cone is desired, which will occur when

the distance ab = r is a minimum. It can be shown that this occurs for an

angle _ satisfying

tan _ + cot (_ - 8/2) = cot (8 - _) (50)

Generally for angles of 8 such that the sun is close to the edge of the

field of view, this type of baffle becomes very large in size, and it is de-

sirable to look for ways to make it smaller.

One method is to truncate the top cone and replace the missing portion

by a baffle with a knife edge stop around the field of view as shown in Figure

17, thus also providing some flexibility. With this design there is still no

sun illuminated surface exposed directly to the lens.
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FIGURE 16: Connected Cones for Radiation Shielding
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FIGURE 17: Radiation Shield
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The disadvantage of this design is that now the lens is exposed to light

which has been scattered twice off the inner surfaces of the outer cone and

baffle. The lens is also exposed to light diffracted and reflected off the

knife edge of the baffle at A. Diffraction off the knife edge may be re-

duced by approximately a factor of ten by serrating the knife edge, producing

a sawtooth edge in the manner of Purcell and Koomen [15] . The serrations, how-

ever, must be accurately made with sharp, smooth edges and are obviously

harder to make than a nonserrated knife edge. It is necessary to mention

also that the knife edge (or sawtooth) must be very sharp to minimize the

specular reflection from it directly into the optics.

For this design the distance bf is minimized with respect to _ and the

minimum occurs when

cot(_ + 8) + tan _ = cot (_ - 8/2). (Sl)

Up to this point the cone interior has been regarded as a diffuse re-

flector. If we could obtain purely specular reflecting surfaces, the cone of

Figure 18 is possible. It may be shc_n that in this case the cone ideally

need be on_

L = D/2 csc 8/2 (csc(8 - e/2) - I) (52)

in length.

Since scattering will occur to some extent from any specular reflector

this design is really feasible only insofar as this scattering is kept within

bounds. Lengthening the cone and/or increasing the cone angle may also be

used to reduce light into the lens. Moreover, if the lens is antireflection

coated for normal rays, rays at 60 degrees are totally reflected. This

characteristic may be used to reduce scattered light into the photomultiplier.

(It should be noted that the cone designs of Figures 16 and 17 may also ad-

vantageously make use of specular reflectors of low optical efficiency.)
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FIGURE 18: Specular Reflecting Radiation Shield
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An antireflecting black paint with absorption of 99.9 percent ("Parson's

Black") is available. Generally two reflections will occur before stray light

in the designs of Figures 16 and 17 reaches the lens. This implies that in

order to compete with these designs, diffuse reflection off the surface of

the specular cone of Figure 18 must be held below one part in a million.

This requirement means a high optical finish on a metallic surface and renders

this solution somewhat speculative.

The edges of the lens elements will have to be coated with a light ab-

sorbing coating, or antihalation coating, to cut down scattering within the

lens system. Scratches and dust on the lens elements, seeds, bubbles, and

other inhomogeneities in the glass will also add to the scattering effects.

Indeed, the problems regarding unwanted light resemble those encountered in

solar coronographs.

For the "ideal" baffle (double cone without the knife edge) the length

of a cone diagonal is given by

cos _ sin(_ + 8/2)
r = D sin(_ - 8/2) sin(_ - _)

(53)

That same quantity for the cone with a knife edge baffle is given by

2
cos 8/2 sin(_ + _) (54)

R = D cos( 8 . 8/2) cos _ sin(_ - 8/2)

For a given field of view, e, and sun angle off the optical axis, 6, the

outer cone angle _ which minimizes r and R are given in Equations (50) and

(51),respectively. Using these _, e = 20 degrees, and various sun angles

the minimum cone sizes have been calculated and are given in Figure 19. It

is interesting to note that, although at "small" sun angles (20 degrees to

30 degrees) a substantial size reduction results from the use of a knife edge

baffle, the knife edge baffle rapidly loses its size advantage as the sun
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angle increases.

The required shield dimensions can be determined for the knife edge shield

of Figure 17. The maximum radius and height of the shield are respectively

given as

x = U[sin(_ _ 8/_ I + - ½cos _ sin(8 - 8/2)4 sin

and

cos 812 [ cos _ sin(_ + el2)]y = D - cos = sin(8 - 0/2)I cos =sln(_ -- e/2) i +
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H. Lens System f/number

In order to detect stars across the full field of view without employing

a field condensing lens or fiber optics, the full field image diameter, d,

of the optical system must be less than or equal to the active cathode diam-

eter of the photomultiplier. Consequently, the optical system focal length,

F, must be restricted since from Figure 3 it can be seen that

d
F=

FOV
2 tan -_--

Therefore, the f/number

f/n <
d

FOV
2D tan

2
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I. Blur Spot Size

The blur spot image of a star in the lens focal plane must be contained

within the slit width if the signal is to be maximized as the star transits

the slit. From Figure 3 and the law of cosines with the adjacent sides equal

to y, the blur circle, BC, can be related to the rotational slit width, SW.

Since

cos BC = cos y cos y + cos SW sin y sin y

2 sin2y--cos 7 + cos

then

i - COS B_ sin2y 41 - cos _)
2 = 2

and

sin2_ sin2y sin 2

2 2

Hence, for small angles

A o-%

BC = SW sin y

.- FOV
Clearly, BC must be smallest when 7 = F - -_-, so

- ^ _v)BC < SW sin (F - --
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J. Slit Reticle Dimensions

Figure 3 illustrates the slit in the focal plane of the optical system

and its projection on the celestial sphere. As a part of the sensor design,

it is required to determine the dimensions of the slit reticle. Figure 20

shows the geometry relating the rotational slit width, SW; the focal length,

F; the cant angle, F; and the slit dimensions.

Let R = the radial distance from the intersection of the optical axis

and the focal plane to the star image in the slit. Then the width of the

slit, W , at radius R is given by
S

W =BC • h
S

where BC = the angle subtended from the lens nodal point by the slit

width at radius R from the focal plane center;

h = distance from the center of the simple biconvex lens (optical system

equivalent) to a point at radial distance R from the focal plane center.

The angle BC is given by

BC = SW sin _ - 6)

where BC and SW are in radians

R
h =

sin 6

6 = tan I

A

R SW

SO W s sin 6 sin (F - 6)
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FIGURE 20: Geometry for Determination of Slit Dimensions
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W s = SW [F sin F - R cos F],

where W s is expressed in the same units as both F and R. Consequently, the

slit width in the focal plane varies as a linear function of R, as expected.
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V. REQUIRED DESIGN PARAMETERS FOR SPIN STABILIZED VEHICLE

In the previous section, some essential analysis was presented and a de-

sign procedure was developed. In this section the design procedure will be

employed to obtain the design parameters required for each spin stabilized

configuration. Then from the results of this section, the final sensor design

parameters will be chosen so the standard modular design requirement will be

satisfied. The sensor components for the non-spin stabilized sensor con-

figurations will then be selected from the spin stabilized parameters with

some added modifications, such as a motor driven reticle. The non-spin

stabilized vehicle configurations include the magnetically oriented vehicle

for the circular polar orbit and the synchronous gravity gradient configuration.

The first step in the design procedure for each spin stabili_ed orbital

configuration is to determine the cant angle of the optical system with re-

spect to the vehicle spin axis. In addition to the restrictions placed upon

the cant angle by the proximity of the sun, earth, or moon, further restrictions

are imposed by the booms and antennas extending from the spacecraft, all of

which can cause reflections into the SCADS sensor. The restrictions imposed

by the booms and antennas prevail for all orbital configurations, so there-

fore the discussion which follows applies to all spin stabilized configurations.

The S 3 satellites may have four booms which are from four to five feet in

length. These booms cause restrictions on the field of view, for sunlight

may be reflected off the booms into a poorly positioned field of view.

In Figure 21, we picture a typical assembly of a S 3 satellite as presented

in Reference [16]. Our optical axis is pictured as piercing the satellite in

the middle of a panel. The angle between the line joining this piercing point

and the end of the nearest boom and the optical axis is e. Now we are forced

to direct the optical axis so that e does not become too small.
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The minimum value of 8 is somewhat argumentative. If the end of the boom

were a light source as bright as the sun itself, then 8 (min) = 70° for a

knife edge cone designed to shield for a 70 ° sun angle. However, a more

realistic assumption (but less conservative) is that reflected light from the

boom's end cannot directly strike the lens. For a knife edge cone designed

to shield for a 70° sun angle, this latter assumption implies @ (min) = 50 ° .

It can be shown that the maximum allowable cant angle, F, (Figure 3) is

given by

-B x + ASA 2 + B2 - x 2

tan F = _A 2 2 (55)-Ax - + B2 - x

where A = a sin 45 °

B = a sin 45 ° - b cos

x2 = cos28 (a2 + b2 - 2ab sin 45 ° cos _)

here a = distance of center of base plate to center of lens (Figure 21)

b = length of boom measured from center of base plate (4' to 5')

45 ° = elevation of center lens with respect to base plate

= azimuth of center of lens, i.e. the angle from the boom to the pro-

jection of the line from the base plate's center to the lens; the

projection being on the base plate

0° = azimuth of boom

0° = elevation of boom.

Equation (55) may be derived as follows: Erect a triad of unit vectors

such that _ is parallel to the longitude axis of the satellite and i and

are parallel to the booms (Figure 21). Then, a vector from the center of the

base plate to the end of a boom is bE. A vector from the center of the base

plate to the point at which the optical axis pierces the panel is acos 45 °

^ ^ _)(cos _ i + sin _j + . Also, a unit vector parallel to the optical axis is

sin F cos _i + sin F sin _j + cos F k. (56)
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Then,

Assume the optical axis is positioned at the maximum allowable cant angle.

J(b - a cos 45 ° cos _) i - a cos 45°(sin _ j + k)l cos 8

= [(b - a cos 45 ° cos _) _ - a cos 45°(sin _ j + _)] (57)

A

• (sin F cos _ _ + sin F sin _ j + cos F _) .

Hence,

x cos 8 = -a sin 45 ° cos F + (b cos _ - a sin 45 °) sin F. (58)

If the above equation is solved for tan F, two solutions are obtained, one of

which is redundant, the other is given by (55).

We may assume a = 14 inches; then the following table is constructed•

TABLE III

MAX]I_UM ALI£_4ABLE CANT ANGLE AS FUNCTION OF BOOM LENGTH,

LENS POSITION, AND MINIMUM ALIf_4ABLE SHIELD ANGLE

b (ft)

4

5

4

5

4

5

4

5
i

45 °

45 °

45 °

45 °

22.5 °

22.5 °

22.5 °

22.5 °

e

51 °

51 °

70 °

70°

51 °

51 °

70 °

70°

F

97.9 °

i00.5 °

51.5 °

50. i°

61.0 °

56.8 °

38.6 °

34.7 °
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From this table, we see that the choice of four or five feet makes little

difference in the maximum allowable cant angle. Mounting considerations favor

an azimuth of _ = 22.5 ° rather than 45 °. We may conservatively conclude that

the cant angle F of 40 ° or less will not cause difficulties with light re-

flected from the booms into the optics. Moreover, no special mounting con-

straints of stray light shield designs are imposed by the booms for cant

angles of 40 ° or less.
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A. Elliptical Equatorial Orbit

i. Cant Angle

The first class of orbits we will consider is the elliptic equatorial

orbit as pictured in Figure 22.

The satellite is to be spin stabilized with the spin axis in the equa-

torial plane. The spin period is about 15 seconds. Torques will be inter-

mittently applied to the satellite so that the angle between the spinaxis

and the sun will be confined in an interval from 25 ° to 70° .

In order to avoid the sun, we thus may locate the optical axis of the

SCADS-S 3 sensor near the negative spin axis. If the optical axis were to

be along the negative spin axis, then the smallest angle between the sun and

optical axis would be ii0 °. However, if the optical axis is along the

negative spin axis, then the earth would periodically enter the field of view.

The earth subtends a relatively large angle, so its size cannot be

ignored. Figure 23 is a plot of the half angle, _,subtended by the earth as

a function of the true anomaly _ (Figure 22). Note that this angle varies

from 73 ° at perigee to I0° at apogee. So in order to avoid the earth entering

the field of view, the optical axis would have to be at least 73 ° from the

negative spin axis. With this "cant angle" sunlight reflections inside the

sun shield may cause some difficulties. Moreover, the satellite's booms may

reflect light into the optics.

As previously discussed, a conservative estimate of the maximum cant

angle such that boom reflections cause no problems is 40 °. With this cant

angle, the sun will always be 70 ° or more from the optical axis. The stray

light shield must then be designed to effectively shield for such angles.

Hence the choice of a cant angle of 40 ° is optimum, and the stray light

problem is that presented by the sunlit position of the earth. This
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2ndhr

t = I hr SATELLITE

3 rd hr
8.388 km

4 th hr

5 th h

32,000 km

6 th hr

EARTH

t=O

hr

e = 0.657

a = 19,314 km
i = 0°

FIGURE 22: The Elliptical Equatorial Orbit
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operational constraint is discussed in Section X.

. Field of View

In Section IV-A, it was shown that the optical field of view is given by

sin FOV/2 = (i - cos @/2}
2 sin F

where 8 is obtained from Figure 5 in order to have three stars brighter than

magnitude M_in the field of view with probability .99. Tabulated below are

the corresponding values of _ 8, and FOV for F = 40 ° .

TABLE IV

LIMITING STAR MAGNITUDE VERSUS FIELD OF VIEW

3.5

3.0

2.5

2.1

2.0

60 °

70 °

88 °

112 °

122 °

FOV

12 °

16.2 °

25.2 °

40 °

47.2 °

It should be noted that as the field of view increases, the magnitude detection

limit, My,decreases so that only the brighter stars need be detected. The

brighter the star required for detection, the smaller may be the optical aper-

ture. However, as the field of view becomes large the physical limitations

of optical design in achieving satisfactory image quality become a dominant

factor. For this reason, the field of view for the elliptical equatorial

orbit is determined to be 40 ° .

87



REQUIREDDESIGN PARAMETERS

A detailed star availability search using a 40 ° field of view for the

elliptical equatorial orbit is described in Section VIII.

3. Optical Aperture

The optical aperture will now be determined based on the discussion in

Section IV-F. For the elliptical equatorial orbit, the scan period has been

specified as T = 15 seconds. With this scan period value, the optical aper-

ture has been determined to be D = .26 inch for F = FOV = 40 ° .

It is interesting to compare the above value for D with the values of D

required for other sets of 8 and Mv. Values of D are tabulated below:

TABLE V

REQUIRED OPTICAL APERTURE TO DETECT STAR MAGNITUDE Mv

M
V

3.5

3.0

2.5

2.1

e (degrees)

60 °

70 °

88 °

112 °

FOV (degrees)

12°

16.2 °

25.2 °

40 °

D (inches)

.52

.39

.30

.26

4. Blur Spot Size

For F = FOV = 40 ° and SW = 18 arc-minutes, the blur spot must subtend an

angle BC given by

BC < 18 sin 20 ° 6.2 arc minutes.
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5. Filter Cut-Off Frequency

From Equation (28) with T = 15 seconds and SW= 18 arc-minutes, the filter

cut-off frequency is determined to be f = 43.8 cps.
C
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B. Near-Circular_ Near-Polar Orbit

i. Cant Angle

The near-circular, near-polar class of orbits is to have inclinations

of 90° + i0 ° and vary in height from 300 km to 500 km. These heights imply

an orbital period of about I01 minutes. The sun's position with respect to

the orbital plane is not specified.

Within this class of orbits, the stabilization modes are to be as

follows:

(I) Spin stabilized with a spin period at some value within the range 30

seconds to 0.5 second, the spin axis being along the orbital normal;

(2) Magnetically stabilized with the longitudinal axis of the satellite

being parallel to the local direction of the earth's magnetic field.

The instrumentation and cant angle will be different for the two modes. Let

us first consider the spin stabilized mode.

The comparatively low altitude orbit causes us considerable difficulty in

avoiding radiation from earth reflected sunlight. At an altitude of 300 km

the half-angle subtended by the earth is 73 ° , while this angle is reduced to

68 ° at 500 km.

In Figure 24, we picture the geometry of the field of view as projected

on the celestial sphere. This figure would be an accurate representation of

the effective field of view if the sun did not exist. Later, in Section X-A,

we will show the degradation of the effective field of view due to the sun

and the sunlit earth. In the figure, we have chosen a projection so that the

orbital path is a circle on the projection. The orbital normal, which is also

the satellite spin axis, lies on the center of this circle (Figure 26).
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ORBITAL PATH

)RTION OF CELE_

BLOCKED BY

EARTH

ORBITAL
NORMAL

INSTANTANEOUS

ZENITH

FIGURE 24: Geometry of Field of View for Near-circular,

Near-polar, Spin Stabilized Orbits
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A portion of the stellar field will be obscured because of the opaque

earth. This obscured region will lie from 112 ° to 117 ° from the satellite

instantaneous zenith. Again, we choose to cant the instrument 40 ° from the

orbital normal (spin axis). A large cant angle is desirable, for then a large

portion of the effective field of view will be displaced from the earth.

However, because of the boom restrictions, 40 ° is the maximum cant angle.

The effective field of view is that portion of the celestial sphere which is

not obscured by the earth and bounded between two circles with common center

at the orbital normal and radii of 60° and 20 ° , respectively (Figure 24).

Hence, a 360 ° azimuthal direction is not available except near the inner edge

of the effective field of view. On the average, 98° of the azimuth direction

are obscured. Note, however, that the obscured region is not fixed, but moves

as the satellite moves.

Our discussion thus far has assumed that the sun does not exist. In

Section X we will evaluate the additional loss of field of view because of

intense radiation from the sun and the sunlit earth. Because of the sun

radiation and earth reflected radiation approximately 150 ° of the azimuth

direction will be obscured on the average.

The magnetically stabilized satellite may possess a small but undetermined

roll about the satellite's longitudinal axis. Hence, if the optical axis were

canted from the longitudinal axis, its position about this axis would be simply

a matter of chance. Moreover, no increase in the effective field of view is

obtained by choosing a non-zero cant angle (which is not the case for the spin

stabilized satellites). Thus, we recommend a zero cant angle for this mode.

With this cant angle, we will be able to detect stars only when the satellite

is in the northern hemisphere (or southern hemisphere, dependent on the

location of the instrument).

. Field of View

For the near-circular, near-polar spin stabilized mode, the average loss
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of the field of view is approximately 150° of each scan rotation. Consequently,

only 210 ° of each scan rotation can be utilized to view stars. This being

the case, then with F = 40 ° , the required field of view would have to be

greater than 40 ° in order to instantaneously have three stars brighter than

+2. i magnitude in the field of view with probability .99. But in order to

permit a reasonable optical design, the field of view will be restricted to

40 ° which now requires detecting dimmer stars. So if 8 is determined, then M
v

can be determined. From Section III-B, it follows that

2 I01 FOV
_;2 sin F sin-_-= I - cos 8

So from Figure 5,_ must equal +2.5 in order to instantaneously have three

stars brighter than magnitude _ with probability better than .99.

3. Optical Aperture

For the circular polar orbit, the scan period can range from ½ second to

30 seconds. With F = FOV = 4_and My= +2.5, the required optical aperture

has been determined as a function of scan period. The required value of D

for specific values of T are tabulated in Table VI on the following page.

4. Blur Spot Size

Since F = FOV = 40 ° and b-_ = 18 arc-minutes, the blur spot must subtend

an angle BC < 6.2 arc-minutes.

5. Filter Cut-Off Frequency

The filter cut-off frequencies may be determined for SW = 18 arc-minutes

and specific values of T within the range .5 < T < 30 seconds. Several values
w

of f are tabulated in Table VII on the following page for specific values of
c

T.
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TABLEVl

REQUIREDOPTICALAPERTUREVERSUSSCANPERIOD

(seconds)

0.5

I
2

5

7
8

9
12

15
20

25

30

D (inches)

2.04

1.44

I. 02

•64

•54

.51

.48

.42

.37

.32

.29

.26

TABLEVll

OPTIMUMFILTERFREQUENCIESAT SPECIFICSCANPERIODS

T (seconds)
0.5

1.0

2

5

7

8

9
12

15

20

25

3O

fc (cycles per second)
1312

656

328

131

94

82

73

54.7

43.8

32.8

26.3

21.9
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C. Longitude-Synchronous

I. Cant Angle

At synchronous heights the half-angle subtended by the earth is only 8° .

Moreover, the satellite is gravity gradient stabilized so that the longitudinal

axis has a direction which is approximately away from the earth's center.

Since the satellite is not, or is only weakly, yaw stabilized, there is

no advantage to canting the optical system from the longitudinal axis. We

will thus choose the optical axis along the longitudinal axis in a direction

opposite to that of the earth's center. With this choice, earth reflected

radiation will cause no difficulties, but the sun will cause interferences

which will render the SCADS instrument inoperable about 39% of each orbital

period (24 hours).

Since the satellite for this orbital configuration is field stabilized,

the remaining sensor design parameters are covered in the next section where

the standardized sensor design parameters are determined.
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D. Near-Circular _ Near-Equatorial

i. Cant Angle

The last orbital class (Table I, page 3 ) is also spin stabilized. As is

common to all the spin stabilized modes, we choose a 40 ° cant angle for this

mode. As previously, the field of view is also 40 ° .

Since the scan period for this orbital configuration is much greater

than for the spin stabilized, circular-polar, orbital configurations, the

remaining design parameters will be covered when standardized sensor design

parameters are determined in Section VI.
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Vl. STANDARDIZEDSENSORDESIGN PARAMETERS

In the previous section, the ideal sensor design parameters were derived

for each spin stabilized vehicle configuration. In this section, a set of

standardized sensor design parameters for the spin stabilized configurations

will be selected from the set of ideal parameters. The set of selected

standardized sensor design parameters are then no longer optimum for each

scan period; however, they will be adequate to operate over a limited range

of scan periods.

From the selected set of spin stabilized design parameters, a set of

design parameters will be selected for a non-spin stabilized sensor. These

parameters are then coupled with a motor drive reticle to comprise the SCADS

sensor for the non-spin stabilized vehicle.

For all spin stabilized configurations, the cant angle of the optical

axis with respect to the vehicle spin axis has been determined as 40 ° based

largely on the light scattering restrictions imposed by the experimental

booms extending from the S3 vehicle. The optical field of view has also

been determined as 40 ° for all spin stabilized configurations. Although a

larger field of view would have permitted smaller optical apertures, the

optical design would become increasingly more difficult for a larger field

of view, especially for the image quality needed to realize the required

system accuracy. It is, therefore, fortunate that the best cant angle and

field of view are standard for all spin stabilized configurations; however,

such a fortunate situation does not exist for the optical aperture.

As can be seen from Table VI of Section V, the ideal optical aperture

is strongly dependent upon the scan period. However, by appropriate selection

of D, the optical aperture is adequate to permit SCADS operation over a

broad range of scan periods. Examining the ideal optical aperture required

for various scan periods for the circular polar orbit, we observe that a

0.4 inch optical aperture will suffice for any scan period greater than or
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equal to 15 seconds. This aperture is sufficiently large to realize SCADS

operation for both the elliptical equatorial orbit configuration (T = 15
seconds) and the circular equatorial configuration (T = 120 seconds), both of

which are spin stabilized. Thenby doubling this aperture, it is possible

to operate for all scan periods greater than or equal to four seconds.

Finally with a two inch optical aperture, SCADScan operate for all scan

periods greater than ½ second.

It should be noted that the two inch optical aperture can be employed

for all S3 spin stabilized configurations; however, the size and weight of

the large aperture lens is undesirable for the longer scan periods where the

large aperture is not required. It is desirable, however, to have a single

lens design to cover all cases in order to standardize the optical system.

The requirements are clearly conflicting and the alternatives pending are
difficult to evaluate, since two optical apertures (D = 2.0 and D = .8) are

aiso adequate to cover all spin stabilized configurations. However, it is

reasonable that three optical apertures give greater flexibility in approxi-

mating the ideal condition at the expense of sacrificing a more standardized

design.

In keeping with the attempt to standardize the SCADSlens requirements,
one of the three optical apertures already selected for the spin stabilized
sensor should be used in the non-spin stabilized SCADSsensor. Whenthe S3

vehicle is not spin stabilized, the scanning must be performed by a motor

driven reticle and the optical axis coincides with the reticle spin axis, i.e.,

the cant angle is zero. Noweach of the three lens systems discussed for
the spin stabilized sensor has a 40° field of view. From Figure 5 we can

see that for 8 = 40° , three stars brighter than Mv= +4.0 are in the field of

view with probability .99. Nowwith My= +4 and the slit width = 18 arc-min-
utes, we can determine the scan period necessary to detect stars of fourth

magnitude for a given optical aperture. By performing the computations we
can tabulate the required scan periods as follows.
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TABLEVIII

SCANPERIODREQUIREDFORMOTORDRIVENRETICLE

D(inches)
.4

.8

2.0

T (seconds)
29

7.25

1.25

By examining the results, it is seen that the 0.4 inch aperture requires

a relatively long scan period. However, the 0.8 inch aperture requires a

reasonable scan period, so this aperture is chosen for the non-spinning
vehicle sensor. It maybe mentioned that the two inch aperture is undesirable

because of its size and weight, but again the two inch aperture could be

used as a single standard lens if its size and weight were tolerable.

The image quality required for each spin stabilized sensor is 6.2 arc-

minut_ for all three apertures; however, the image quality for the 0.8 inch

aperture must be somewhatbetter since the cant angle is zero for the non-

spin stabilized sensor. For the 0.8 inch aperture, the blur spot size must
be for an 18 arc-minute slit;

" 5°BC< 18 sin = 1.5 arc-minutes @ 5° off-axis

BC_ 18 sin 20° = 6.0 arc-minutes @20° off-axis.

The slit for the non-spin stabilized sensor should have a 5° dead zone

(no slit) radius at the center in order to avoid an infinitely small slit
width dimension and excessively long star transits from stars close to the
optical axis.

The dimensions have been determined for a knife edge bright source shield

for each of the three lens apertures. For a 40° field of view and light rays
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incident at an angle of 8= 70° to the optical axis, the angle _ has been
determined as 63.44° and the shield dimensions have been tabulated as follows.

TABLEIX

SUNSHIELDDIMENSIONSFOR70° SUNANGLE

Lens Aperture
D (inches)

.4

.8

2.0

MaximumShield
Diameter (inches)

I. 15

2.3

5.8

MaximumShield
Height (inches)

.49

.97

2.4

Volume
(in 3)

.5

4.0

64.4

Similarly, for a 40° field of view but for light rays incident at an angle

of 8 = 50° to the optical axis, the angle c_has been determined as 58° and the

shield dimensions have been tabulated as follows.

TABLEX

SUNSHIELDDIMENSIONSFOR50° SUNANGLE

Lens Aperture MaximumShield MaximumShield Volume
D (inches) Diameter (inches) Height (inches) (in 3)

.4

.8

2.0

2.7
5.4

13.5

I.I

2.2

5.5

6.3

5O

78O

Although the shield size for 8 = 50° is muchbigger than for 8 = 70°,

the larger shield will allow SCADSoperation closer to the sun or sunlit

earth. For the larger cone sizes, however, it would be advantageous to de-
sign a mechanically collapsible shield that would be latched into a collapsed

state before and during vehicle launch and then electro-mechanically extended

upon commandafter launch. A sketch for such a shield is shown in Figure 25.
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CONE EXTENDED

7 CONE EXTENDED

/
/

/

LATCHING SOLENOID

CONE RELEASE MECHANISM

FIGURE 25: Collapsible Sun Shield
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TABLE XI

DESIGN PARAMETER SUMMARY

Phot omu it ip lier:

Field of View:

EMR 54 IN

40 °

Lens Required

Orbit Configuration

Elliptical Equatorial

(T = 15 seconds)

Near-Circular, Near Polar

(T > 15 seconds)
m

Near-Circular, Near-Equatorial

(T = 120 seconds)

Near-Circular, Near Polar

(T > 4 seconds)

SynchrOnous Gravity Gradient

(non-spin stabilized)

Near-Circular, Near-Polar

(magnet ica ily a ligned

non-spin stabilized)

Cant

Ang le

(Degrees)

40 °

40 °

40 °

40 °

0°

0°

Optical

Aperture

(Inches)

.4

.8

f/number

< 3.38

< 1.69

Spot Size

Arc-minutes

< 6.2

O

< 1.5 @ 5Ca)
off-axzs

< 6.2 @ 20 °

off-axis

Near-Circular, Near-Polar
(T > ½ second) 40 ° 2.0 < 2.0 (b) < 6.2

Note: (a) This requirement could be relaxed at the expense of system

accuracy for stars near the optical axis in the non-spin stabilized

mode.

(b) Condensing lens required.
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Vll. OPTICAL DESIGN

The design of the sensor optics is very closely connected to the scan

period of the satellite on which the scanning system is placed. For short

scan periods, large clear aperture lenses, resulting in a large sensor in

both weight and volume, are required. For a long scan period, smaller clear

aperture lenses are needed, resulting in a sensor of reduced weight and

volume. In order to provide minimum size sensors over the given range of

120 seconds to ½ second scan period, the sensor design requirements were

divided into three groups according to the scan period covered. The

classification is shown below.

Sensor C lassificat ions

Scan Period

15 seconds minimum

4 seconds minimum

½ second minimum

4 seconds maximum

C lear Aperture
Diameter

.4 inch

.8 inch

2.0 inches

Maximum

Rel. Aperture

f/number

3.38

1.69

2.0

Blur Circle

Diameter

6.2 arc-min, max.

1.5 arc-min.@ 5°

off-axis

6.0 arc-min. @ 20 °

off-axis

6.2 arc-min, max.

All lenses have a 40 ° field of view.

Lenses satisfying these requirements can be obtained in two ways:

(i) designing a lens especially for the requirements, with consideration

of factors such as qualifications for space flight, minimum size,

weight, and cost; and

(2) testing off-the-shelf lenses for suitability.

Method (i) offers the possibility of a minimum size lens configuration

with functional operation assured. The design and fabrication costs will be
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substantial; the per lens costs will not go downunless the numbersrequired

are large. Method (2_ should suitable lenses be found, is less expensive than

Method (I); furthermore, should the lenses passing the tests be standard

production lenses, the availability of lenses for future sensors at reason-
able prices is assured.

An investigation of available lenses for testing was carried out.

Table XII lists lenses suitable by aperture, focal length, and field
of view for S3 sensor service. Each of these lenses must be checked for image

quality. All of the lenses listed below are for photographic purposes, and
information, if any, about the image quality of the lens, is not applicable

to celestial scanner type service. Should the lens prescription be avail-

able for a given lens, computer ray tracing should be performed, which would

yield exact and detailed information about its performance, including blur

spot diagrams, modulation transfer functions, image spread functions, and

Conrady Sums.

The collection of light passing through the slit in the image plane is

accomplished by an end window photomultiplier placed under the slit. If the

photocathode is placed essentially in contact with the slit, the minimum
overall length of the sensor is obtained, but the following difficulties

arise:

(1)

(2)

(3)

the image plane can never be larger than the diameter of the sen-

sitive area of the photocathode, thereby restricting the field of

view of the lens clear aperture;

the response of the photomultiplier is sensitive to local variations

of sensitivity in the photocathode surface; and

when the image plane is exposed to bright objects, the concentration

of illumination on the photocathode could cause local degradation

of the light sensitive surface.

Item (i) is not a problem for the .4 or .8 optical apertures ;however, it

is a problem for the two inch aperture. Item (2) is not a serious problem for

the S3 sensor since intensity measurements are not required. For Item (3), a
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TABLEXll

OFF-THE-SHELF LENSES AVAILABLE FOR TESTING

Sensor

Period

15 sec min

4-15 sec.

%-4 sec.

Focal

Length

35 mm

40 mm

76 mm

i00

Re la tive

Aperture(f/)

f/2.5

f/2.8

f/2.8

f/2.8

f/2.8

f/2.8

f/2.8

f/l.8

f/2.8

Commercia I Name Price

f/2.o

f/l.9

f/l.8

f/2.0

f/2.0

f/l.8

f/l.9

f/2.0

f/l.9

Telsar $44.

Westron 49.

Schneider Xenagon 119.

Carl Zeiss Biometer 199.

Romura 129.

Tamar 139.

Biogon 149.

Carl Meyer Special 169.

Rodens rock He ligon 89.

Taylor-Cooke Speed 179.

Carl Meyer 149.

Astro Tachar 199.

Kinopt ik Apochromat

Zeiss Biotar

Kowa Cine Prominar

Rodens tock He ligon

Rodenstock Ki lar

Schneider Xenon

5O

5O

5O

5O

5O

5O

5O

5O

5O

f/l.

f/l.

f/2.

Carl Zeiss Biotar

Carl Meyer Speed Lens

Erneman Ernostar

5O

5O

5O

94.50

89.50

99.50

299.00

299.00

219.50

Maximum

FOV

66.4 °

46 °

40 °

39.2 °
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small reticle shutter can be employed if the sensor is aboard a spin stabilized

vehicle. Hence, if the vehicle is spin stabilized and requires an optical

aperture less than .8 inch, a condensing lens is not required if a reticle

shutter is employed. However, for a two inch optical aperture, a condensing

lens is required in order to condense all the energy passing the slit onto

the active photocathode. Also, for a sensor aboard a non-spinning vehicle, a

condensing lens is recommendedbecause of the difficulty of fabricating a

large aperture, fast acting shutter.

The optical schematics for the .4 inch and .8 inch optical apertures
without condensing lenses are shownrespectively in Figures 26 and 27.

The light condensing system recommendedis a pair of plano-convex lenses

with their convex surfaces in contact. The focal length of the combination

of the two lenses is chosen so that when the plane surface of one of the

lenses is as close as possible to the slit, the exit pupil of the sensor lens

is imagedon the photomultiplier cathode. The optical schematic for the

two inch optical aperture and associated condensing lens system is shown in

Figure 28. The lens exit pupil in Figure 28 was larger than the photocathode,

so the collection lenses reduced the exit pupil image to fill the photomulti-

plier. The light collector lenses are madeof flint glass with refraction

index of 1.600 for yellow light; glass of lower index, while having slightly
better transmission properties, would result in a physically larger pair of
lenses; glass of higher index of refraction would result in smaller lenses but

poorer transmission in the short wavelength region.

As the physical separation between the image plane and the photomultiplier

cathode becomeslarger, the possibility of using glass fiber optics to trans-

mit light from the slit to the photocathode becomesmore attractive; when the

image plane-photocathode distance is too short, the practical bending radius

of the fibers in bringing light from the edges of the slit into the center

limits the closeness of approach. The light collection system for the ½ to

four secondsensor would represent a marginal case for fiber optics versus
condensing lenses.
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DETAILED STAR AVAILABILITY

Vlll. DETAILED STAR AVAILABILITY

In previous sections, we have given the parameters for all five modes of

the S3 mission. We will now investigate the star availability.

A. E!liptical Equatorial Orbit

Figure 29 gives the number of stars in the effective field of view as a

function of the right ascension of the sun for three limits of the detectable

photographic magnitude. The satellite will be torqued so that the angle

between the spin axis and the sun will lie between 25 ° and 70 ° . However, the

spin axis is in the equatorial plane. In deriving this graph, we assume the

spin axis makes an angle of 47.5 ° with the sun and has a right ascension less

than that of the sun. Note that a limit of 2.1 photographic magnitude is

sufficient to yield three or more stars for all right ascensions.

B. Near-Circular_ Near-Polar_ Spin Stabilized Satellite

For the spin stabilized mode of the near-circular, near-polar orbits, a

full 360 ° of unblocked azimuth is never available except near the inner edge

of the field (see Figure 24). In order to determine the star availability

we now arbitrarily assume that 150 ° of the azimuthal directions are obscured

as pictured in Figure 30. Recall that the true obscured region will not be

fixed as pictured in Figure 30, but will move as the satellite's position

changes.

Figure 31, then, yields the number of stars in the assumed field of view

as a function of the right ascension of the orbital normal (a polar orbit was

assumed) for various limiting photographic magnitudes.
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NORTH
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FIGURE 30: Assumed Effective Field of View for Near-Circular,

Near-Polar, Spin Stabilized Orbit
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C. Near-Circular_ Near-Polar_ Masnetically Stabilized Satellite

Recall that for this mode, a single sensor was adequate only in the north-

ern hemisphere. Figure 32, a, b, and c, gives the probability of finding n

stars in the field of view brighter than photographic magnitude 4.0, 3.0, and

2.0 respectively as a function of n. 0nly the northern hemisphere was in-

vestigated. It can be expected that if the optical axis were directly

opposite to that assumed, then the results for the southern hemisphere would

be quite similar to those shown.

D. Near-Circular_ Low Altitude Orbit (i = 33°)

For this orbit, we graph the number of stars in the field of view as a

function of the position of the spin axis along the ecliptic. Results are

shown in Figure 33.

E. Longitude Synchronous - Gravity Gradient

Finally, we graph the number of stars in the field of view as a function

of the true anomaly for the gravity gradient stabilized mode (Figure 34).
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IX. ERROR ANALYSIS

A. Transit Time Errors Due to Shot Noise

The random arrivals of radiant energy photons from the star and the

random emission of electrons in the photomultiplier give rise to random

amplitude fluctuations of the filtered star pulse. These random fluctuations

cause variations in the leading edge and trailing edge threshold crossings

of the star pulse which causes an uncertainty in the transit time obtained

from averaging these threshold crossings. This section will describe a

method for estimating the transit time uncertainty. The method basically

consists of a computer simulation for which a model for threshold crossings

of a noisy star pulse is established. The random noise is generated from

computer generated random numbers for a large number of star pulses. The

average of the threshold crossings is determined for each pulse and then

the variance in this average is determined for all pulses.

Consider a noise free star pulse, y(t), shown in Figure 35. Assume that

the pulse came from a star of limiting detectable magnitude and that a

threshold level,IT, has been established as described in Section IV-F. The

noise characteristics will be assumed stationary, although actually, the RMS

noise increases as the average signal level increases. However, the actual

RMS value of the noise at the threshold cannot be larger than the RMS value

for an average noise level equal to I T . Consequently, it is reasonable to

expect that the resulting transit time variance will be slightly pessimistic.

The expression for the filter noise free output y(t,_) has been analytic-

ally determined in Section IV-E. Also, the peak value of y(t) corresponds to

Ts
.597 IS, and _ = _75_' so the nominal leading edge threshold crossing, ta, and

the nominal trailing edge threshold crossing, tb, can also be analytically

determined. In sufficiently small time intervals about both ta and tb, the

slope of y(t) may be assumed constant. It may be further assumed that the

star signal slope having superimposed noise must also be constant in small
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FIGURE 35: Threshold Crossing of Noise-Free Star Pulse
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intervals about t a and tb, since the filter holding time will not permit

rapidly changing output excursions, l{owever, because of the effect of the

filter holding time, the noise amplitudes at time t2 = t + At must bea

correlated to the noise amplitudes at time t I = ta - At. Similarly, the noise

amplitudes at times t3 = tb - At and t4 = tb + At are correlated to the

amplitudes at tI.

It has been shown that high density shot noise has a normal probability

density function [14]. So at time tl, the amplitude density function of the

noise is given by

P(Ii) = 1 exp [ - _ °I/

oI

where c I = RMS value of II.

At time t2, the amplitude density function is given by [17]

P(I2111) =[2n o12

exp [- (12 - P1211)2 ] (60)

(l - p 2 o21 (1 - Pl2)

where PI2 is the correlation coefficient between the random variable 12

at t2 and l I at t I.

Similarly, at time t3 the amplitude density function is

= i

2 Ol2 (i - ¢13)

and at time t4 the density function is
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i exp ['- (14 - p3413)2
L 2 - - "-'_-] (62)

=

Figure 36 shows the time interval close to the leading edge threshold

crossing with the noise amplitudes I I and 12 superimposed on y(t) at times

t I and t2, respectively. With the noise superimposed, the threshold crossing

is shifted from the noise free crossing time, ta to time tal. Since the

slope of the noisy signal is assumed constant between t2 and tl, the shifted

threshold crossing may be easily determined analytically for specific values

of I I and 12.

Specific values of II and 12 are determined from uniformly distributed

random numbers generated by the computer random number generator. The random

numbers, Ri, can take on any values between 0 and 1.0. Then the _umulative normal

function is evaluated so that

.5 + i _0 Xle'y2/2d Y =R I
(63)

from which I1 = Xl_ I. Similarly, 12 is obtained by evaluating

_0 x2
.5 + i e"y212 dy = _ (64)

from which 12 : X2Ol(l - P12) + PI2 Ii
(65)

The shifted trailing edge threshold crossing may be similarly determined.

Random numbers R3 and R4 are generated and the cumulative normal functions
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FIGURE 36: Leading Edge Threshold Crossing
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.5 + !_l _0x3 e-y2/2 dy = R3 (66)

x 4 _y2/2.5+i e dy = R4
0

_2_

(67)

are evaluated. The noise amplitudes are determined from

2%
13 = x 3 _i (I - PI3 ) + PI311 (68)

2%
14 = x4 al(l - P34 ) + P3413 (69)

After superimposing the noise amplitudes upon the noise-free signal, y(t), at

times t3 and t4, respectively, the shifted trailing edge threshold crossing,

tbl , can easily be determined analytically.

The transit time for the noisy star pulse is computed as

(tal + tbl)

tsl = 2 " (70)

After this a new set of random numbers, R I through R4, and their corresponding

noise amplitudes is determined from which ts2 is determined. After repeating

this procedure a large number of times to obtain ts3 , ts4, etc., the variance

of the transit times, O(ts) , is computed.

In order to compute the random noise amplitudes, lj, it is necessary to

determine the correlation coefficients for j = 2 3. The correlation co-

efficient, PI2' is defined as [18] Plj '
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PI2

E[l(tl) , l(t2) ]

(Var[ I(t)])
(71)

where

l(tl) = the value of the shot noise current at time tI

I(_2) = the value of the shot noise current at time t2

o I = Var[l(t)] = amplitude variance of the noise current.

It has been shown that [18]

t:_o

I

: h(t)E[I(tl)' I(t2)] • h(t + 7) dt
(72)

where h(t) = impulse response of the filter transfer function

T=t 2 - t I

Also,[ 18]

co

IT _ h2 (t) dt
var[z(t)] : E[Z2(t)]: _- 0

(73)

The impulse response for a two pole filter is given by

h(t) = K e "at sin bt
(741

So

_aT j

E[I(tl), l(t2) ] = K 2 e

oo

K2 _ -2at+-_ e-aT sin b7 e

CO

cos b7 _ e"2at sin 2 bt dt
0

sin 2 bt dt

(75)
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e +

a )2+4
sin bT i

Also,

oo

_i 2 = Var[l(t)] = K 2 /0 e'2at
sin 2 bt dt (76)

: +4]

So

-aT
= e (77)

From Section IV-E, the two pole linear phase versus frequency filter has

a = .375 w
C

b = .3307 wc

For

PI2' T = t2 " tl = 2 At

P13' T = tb - ta

P34' T = 2 At

Consequently, P34 = p 12"

Note that for T = 0, p = i as expected.
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A computer simulation was performed for the optimum parameters determined

for the elliptical equatorial orbit. It should be recalled that the optimum
parameters were determined as

FOV= 40° = field of view

Mp = 2.1 = limiting detectable photographic star magnitude
D = .26 inch = optical aperture.

Corresponding to these parameters, it has been determined that

n = 163
s

n T = 342

nBD = 278

T = 1.25 x 10 -2 seconds
S

where n
s

= the average effective number of equally weighted photocathode

emissions due to star signal current Is occurring during a transit

interval Ts ;

nT = the average number of electron emissions from the cathode during

time interval T s which occur at the threshold current level;

nBD = the average effective number of equally weighted photocathode

emissions due to background plus dark current which occur during

time interval Ts;

Ts = time required for the center point of the star image to cross the
slit.

The results of the computer simulation are summarized below, in Table XIII,

for three star magnitudes. For each case the background level was fixed at

nBD = 278, the threshold level was fixed at nT = 342, and At = nTs • The
20

ratio of peak signal to RMS noise was obtained from Equation (29)

S .606 n
_2_: s

NRMS (.8n s + nBD)½

(78)
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TABLEXIII

SLITWIDTHINTERPOLATIONFACTORVERSUSSIGNAL-TO-NOISERATIO

n
s

163

410

1025

M
P

2.1

I.i

.i

T
s

a (ts)

6.7

10.7

16.7

NRMS

4.9

I0.i

18.8

T
s

The ratio a(t ) compares the time required for a point source to cross
S

the slit to the uncertainty in the transit time. This ratio may be further

interpreted as a comparison between the rotational slit width and the azi-

muth angular uncertainty in locating the star transit. This is equivalent

to saying the star transit time uncertainty depends on how well the detection

electronics can interpolate the rotational slit width. Consequently, the
s

ratio a(ts ) is referred to as the slit width interpolation factor.

Note that for a fixed threshold, the interpolation factor increased as

the ratio Speak increased.

NRMS

If ns is fixed at 1025, corresponding to a star photographic magnitude

of .I, and the detection threshold is raised above nT = 342, it is interesting

to note the change in the interpolation factor as the threshold is increased.
Ts

Here again At was set at _ and nBD = 278. The results of increasing the

threshold are tabulated below.

By expressing the threshold level as a percentage of the peak, it can be

noticed that the interpolation factor is largest when the threshold is set at

approximately 50% of the star pulse peak.
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TABLEXlV

INTERPOLATIONFACTORVERSUSTHRESHOLDLEVEL

nT - nBD

i00
333

566

nT
•597 n

s

16.3%

54.5%

92.5%

T
s

a(t s)

20.8

29.8

25.4

If the standardized optical aperture chosen for the elliptical equator-

ial orbit is .8 inch and the detection threshold is set to detect stars

brighter than 2.1 magnitude, then the interpolation factor should be greater

than for the .26 inch optical aperture. The interpolation factor is tabu-

lated below for the .8 inch optical aperture and star magnitudes of 2.1, i.i,

and 0.i.

TABLE XV

INTERPOLATION FACTOR FOR lARGE SIGNAL-TO-NOISE RATIOS

n
s

1512

3800

9520

M
P

2.1

i.I

.i

NNMS

14.9

30.7

57.2

T
S

o (ts)

19.6

39.1

59.5

It can be seen that standardizing the optical aperture tends to increase

the slit width interpolation factor for those scan periods where the

standardized aperture is significantly larger than the optimum required aper-

ture. For a fixed optical aperture, a decreased scan period will cause a

decrease in the interpolation factor since the peak signal-to-RMS noise
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ratio is decreased. Consequently, for these scan periods where the standard-

ized optical aperture exceeds the required optical aperture, the system accur-

acy should be better than for the scan period where the standardized optical

aperture equals the optimum aperture.

It is reasonable to expect the interpolation factors for the other orbital

configurations to behave in a similar manner as for the elliptical equatorial

orbit, hence, the interpolation factors for the other orbital configurations

are not presented.
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B. Attitude Error Analysis

To gain some insight as to the error magnitudes which might be expected,

a somewhat simplified error analysis was performed. For this error analysis,

we assumed the slit is spinning uniformly about a fixed axis. We then inves-

tigated the errors in right ascension and declination of the spin axis, and

the error in the azimuth of the zero reference for each of the five orbital

classes.

The input error was the error in measurement of the transit time for the

spin stabilized satellites, and a rotation error for the field stabilized

satellites. An error in transit time can be easily converted to an error in

measurement of the angle from the zero reference to the slit at the instant

of a star transit. Thus,

G(ts)
G(e) = T

where

_(e) = standard deviation of rotation error,

O(ts) = standard deviation of transit time error,

T = scan period.

If we assume the interpolation factor is greater or equal to six, then
#%

for SW = 18 arc-minutes, we may assume G(0) _ 3 minutes of arc. _(e) = 3

arc-minutes was then used as the basic input error. The output error was then

computed for various pointing directions for each of the five modes. A des-

cription of the geometry for each mode was given in Section V.

The output errors were then computed as a function of parameters which

define the direction of the satellite's longitudinal axis. Results are shown

in Figures 37 to 42. We assume no loss of field of view except for the near-

circular, near-polar, spin stabilized orbital class,in which case we assume

150 ° of azimuthal directions are lost due to scanning through the earth. Also,
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only star transit data for a single scan is used to determine the attitude

error. In these figures the total attitude error is defined as

where

_(_) = standard deviation of error in the right ascension of the spin
axis,

a(6) = standard deviation of the error in the declination of the spin
axis,

_(8) = standard deviation of the azimuth error of the reference direction.

In comparing these figures, we note that the least favorable case is that

of the near-circular, near-polar, spin stabilized orbit. This fact occurs
because for this case, 150° of the azimuthal directions are lost from the

effective field of view as shown in Figure 30.

Figure 37 yields the total error as a function of the sun's right ascen-

sion for the elliptical equatorial orbit. In deriving this curve, we assume
the angle between the sun and the spin axis is 45° (its average value) and

has a right ascension which lags the sun. In Figure 38 we plot the probability

that the total error is less than or equal to a given value for the elliptical

equatorial orbit.

For the other orbital classes we do not graph the total error as a function

of position, but plot only the probability data since the latter is of more
interest.
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X. EVALUATION OF OPERATIONAL CONSTRAINTS

In this section, we first evaluate the loss of field of view and operation

time because of interference caused by sun radiation or earth reflected sun

radiation. We need not concern ourselves to a great extent over interference

caused by moon or planet reflected sun radiation. Indeed_ the planets may be

utilized by the instrument just as the stars are utilized. The full or partial

moon is too bright a target to be utilized. Instead, we will reject the moon

by use of an overload protection circuit as explained in Section XI. Such a

rejection will cause a loss in the scanned region, but the loss will be less

than a few degrees since the full moon subtends an angle no larger than ½

degree.

The second part of this section will be concerned with the problems

caused by high energy particles.
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A. Sun and Earth Interference

Since the sun is a target roughly 1012 times brighter than the stars we

are attempting to detect and the sunlit earth is an extended target i0 II

times brighter, considerable difficulties are presented by these light

sources. In this section we will assume that the system operation becomes

marginal if

(i) the angle between the sun and optical axis is less than 8S or the

angle between any point on the viewable sunlit earth and the optical

axis is less than BE;

(2) the earth itself (sunlit or dark) obscures the effective field of

view.

We will assume BS = 70 °, and 8E = 70o or 50 °. Results for both values of 8E

will be generally presented. These values of 8S and 8E are felt to be

realistic and yield a small shield as shown in Section IV-G. Dimensions of

the required shields are given in Section VI.

Let us now evaluate the implications of our assumptions for the various

classes of orbits.

I. Elliptical Equatorial Orbit

The geometry of the elliptical equatorial orbit has been discussed in

Section V and is pictured in Figure 22. Recall that the angle between the sun

and the spin axis is confined in an interval from 25 ° to 70 °. A cant angle

of 40 ° from the negative spin axis was chosen. Hence, with BS = 70 ° direct

sun radiation causes no restrictions.

Let us now consider the restrictions imposed by the sunlit earth. In

Figure 43 we picture the most favorable geometry, i.e., the geometry which

allows the largest portion of the orbital period over which stars may be

viewed. In this figure we picture the half orbit subdivided into three areas.

Over the arc DC, no portion of the field of view will be usable, for the
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optical axis will always be closer than 70 ° = 8E to the sunlit earth during

the entire portion of each scan period. Over the arc CB part of each scan

period will be usable, but not the entire scan period. Finally, over the

arc BA each complete scan will be usable; for over this arc, the sunlit earth

will always be more than 70 ° from the optical axis.

In Figure 44, we picture the least favorable geometry. More quantitative

information concerning viewability is given in Table XVI.

In sunmmry, the sun will cause no difficulties to the viewability prob-

lem for the class of elliptic equatorial orbits. The sun will never become

closer than 70 ° to the optical axis, and a small shield should adequately

shield for such angles. However, the sunlit earth will cause some loss of

viewability which ranges from 10% to 55% of the orbital period.

2. Near-Polar, Near-Circular, Spin Stabilized Orbit

Let (_i' Jl'_l ) be a triad such that 31 is along the orbital normal, and

11 is in the equatorial plane. Also let,

= azimuth of the sun with respect to the (il, 51 ) plane

c = angle between the sun and _I axis (Figure 45).

If c = 90° , then the sun is in a plane perpendicular to the orbital plane.

Since the orbital inclination is such that 80 ° _< i < i00 ° we have 56.5 ° < e <

133.5 °. However, a range on _ cannot be specified.

Let us assume the orbit is circular. First we impose the restrictions

implied by the sunlit earth.

Let _3 be in the direction of the sun, and 53 be perpendicular to _3 but

in the (il, 31 ) plane, i3 completes the right-handed coordinate system. Hence,
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A

r = (cos _ cos = cos e - sin _ sin ¢) _3 " cos _ sin_ 33

+ (cos _ cos _ sin ¢ + sin _ cos e)_ 3

31_= sin olcos ¢ f3 + cos = _3 + sin olsin ¢ _3

where v = true anomaly (Figure 45)

= unit vector in direction of satellite.

Now 3

= cos _ _ + sin _I I

P2 = csc 8 _ - cot 8 _3 ' sin 8 _ 0

where,
A

P1 = unit vector from earth's center in the direction of the point on
horizon nearest to the spin axis (Figure 46);

P2 = unit vector from earth's center in the direction of the point on

boundary of sunlit and dark region which is in the plane of (r, _3)

and orthognal to _3 (Figure 46);

= angle from orbital normal to horizon;

8 = angle between r and _3 (satellite and sun).

Suppose _i " _3 > 0, this implies that the point on the horizon near to

the spin axis is sunlit. Hence we have

_<SE-F

8E - F< _< 8E+F

_>SE+F

no field

some field

full field

where F = cant angle = angle between optical axis and spin axis = 40 ° .

^ _3Suppose PI " < 0, then the closest point on the sunlit earth to the

spin axis has the direction of _2" The vector from the satellite to this
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SATELLITE
J

EARTH

R

A A

FIGURE 46: The Vectors PI and P2
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point is given by

^ Ixlx=RP 2 -a ,x=

where R = radius of the earth

a = orbital radius.

2 2 R2 'Two subcases exist. If x > a - then the horizon is dark so the field is

2 2 R2full. However, if x < a - , then a sunlit horizon can be seen from the

satellite. Hence,

P<BE-F

BE - F _< p _< BE + F

p>BE+F

no field

some field

full field

m

where cos p = x • Jl

Ix[
, 0 S P _ 180°

Let us now consider the direct sunlight. For r • k3 = cos B < - %/1 - (R)2

the sun is obscured by the earth and so a full field exists. But, for

cos B_> - _/i - (R)2

^ .,.

cos (Bs - F) -< k3 " 31 = sin _ sin e _< i

cos (Bs +r) < _3 " 91 < cos (Bs - F)
.A

- i < _3 " Jl < cos (Bs + F)

no field

some field

full field

Results are plotted in Figures 47 through 50. Two cases of ¢ are shown;

one for the sun in the plane which is normal to the orbital plane (c = 90o),

and another for the sun in its extreme position from this plane (c = 56°).

Note that ¢ = 56 ° yields slightly more favorable viewing than _ = 90° . Also

note considerable improvement in viewability offered by 8E = 50o instead of

70 ° . Hence for this orbital class considerable effort should be placed on
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KEY TO VIEWABILITY FIGURES 47 - 60

i I No useful field of view

Both sun and earth scatter into the field of

view, but some useful field

Either the sun or earth scatter into the field

of view, but some useful field

Full field of view

8E minimum angle between optical axis and closest

point on sunlit earth for which shield is

effective

_S minimum angle between optical axis and sun for

which shield is effective

= (See Figure 45)

= (See Figure 46)
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achieving a small BE. However, we will see that for all other orbital classes

little improvement is offered by choosing a 8E = 50 ° instead of 70 ° .

3. Magnetically Stabilized Satellite

The magnetically stabilized mode of the near polar orbit represents the

most difficult of the S3 modes as far as viewability is concerned. In Figure

51 we picture the geometry. Note that in the Southern Hemisphere the optical

axis will point into the earth. Thus, even without the restrictions imposed

by the sun and sunlit earth, the attitude can be found only over one-half

the orbit.

Let us assume the orbit passes through the magnetic poles, and the

earth's field is that of a dipole. Then, (Figure 51)

tan I = 2 tan

where I = inclination of the field

= true anomaly measured from the magnetic equator.

We may now investigate the viewability as in the previous section. Results

are shown in Figures 52 through 55. In these plots _ and ¢ represent the

direction to the sun as before. The viewability results may be improved by

using two sensors, one in the direction shown and a second in the opposite

direction.

4. Near-circular, Low Altitude Orbit

In Figure 56, we picture the relationship between the orbital plane, spin

axis, and optical axis.

As shown in Figure 56, the spin axis is in the ecliptic plane and the

orbital inclination is 33 ° . Let c be the angle from the intersection of the

orbital plane and the ecliptic to the spin axis. Also let _ be the angle from
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N FIELD DIRECTION AND

._ OPTICAL AXIS

i S

FIGURE 51: Orientation of S3 With Respect

to Magnetic Field
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ECLIPTIC PLANE

ELLITE

_,_________'_ ,, ,_ AXIS

/ _ J40"

ORBITAL PLANE SUN

OPTICAL AXIS

FIGURE 56: Geometry of Near-Circular, Low
Altitude Orbit (i = 33 °)
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this intersection to the sun. Now, the angles _ and _ are not specified.

Figures 57 through 60, we plot the viewability conditions for this orbital
• 0Ocase Twopositions of the sun are _ = and 90° .

In

5. Longitude-synchronous Orbit

The 24-hour orbit implies the most favorable and most easily analyzed

viewability conditions• The satellite is gravity gradient stabilized so we

choose to position the optical axis directly away from the earth's center•

With this choice, the sun will cause stellar viewing difficulties for 2 8S =

140 ° out of each orbital revolution.

In view of the large percentage of scanned area where the radiation from

the sun or the sunlit earth interferes with the sensor, it is of interest to

evaluate the sensor sensitivity as the background level increases• No abso-

lute analytic determination of sensor sensitivity versus sun angle (or angle

to sunlit earth) from the optical axis has been attempted since it involves

multiple integrations of diffusely scattered light flux from curved surfaces.

However, a qualitative estimate of sensor sensitivity versus sun interference

can be obtained by determining the limiting detectable magnitude as the

stellar background is increased by factors of two above the maximum normal

background of 325 tenth magnitude stars per square degree. In Figure 61, it

can be seen that the normal background level can be doubled nine times before

the limiting detectable magnitude becomes zero if the scan period is 15

seconds and the optical aperture is 0.8 inch. For the same optical aperture

and a five second scan period, the background level can be doubled seven

times before the limiting detectable magnitude becomes zero. Figure 62 shows

similar plots for a two inch optical aperture and scan periods of four and

.5 seconds.

Whenever the sun enters the field of view, most of the radiant energy

from the sun entering the optical aperture will be focused on a very small

spot on the photocathode. In order to protect the photocathode from permanent
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damage, it is necessary to prevent the sun's image from being focused on such

a small spot on the photocathode. This can be accomplished in either of two

ways:
(a) defocus the image from the slit aperture with a condensing field

lens so that the defocused image covers almost the entire cathode

area ; or

(b) provide a shutter which is automatically closed whenever the sun

comes into the portion of the field of view containing the slit.

Radiation reflected from the earth is not as serious a problem from the

standpoint of photocathode protection since the earth is an extended source

and the diffuse radiation is not focused into a small spot.

The advantage of employing a condensing lens is that it involves no

moving parts and requires no power to operate. However, the major disadvantage

is that the lens system is required to be longer with the addition of a con-

densing lens which requires a greater volume. Also, the condensing lens in-

creases the weight of the system.

The alternative approach is to employ a reticle shutter as shown in

Figure 63. The shutter is shorter than a condensing lens system, but power is

required to close the shutter. The shutter can consist of a spring leaf which

is pulled over the slit opening when the solenoid is energized by either a

photomultiplier overload protector circuit or a small solid-state detector.

The shutter may be closed or opened in six to eight milliseconds. Less than

.5 watt of power is required to hold the shutter closed. Average power

dissipation depends upon the duty cycle determined by the presence of the sun

and sunlit earth in the field of view. Hence, average power dissipation is

much less than .5 watt. The shutter weight is approximately two ounces.

Although the device does utilize a moving part, it can be demonstrated that

such a device could withstand several hundred million operations at operation

rates between 25 to i00 per second without failing.

The shutter mechanism shown in Figure 63 is mounted on a thin cylindrical

ring. The mechanism and mounting ring would then be sandwiched between two
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additional rings which would comprise a one centimeter thick cathode particle

radiation shield. Particle radiation shielding requirements are discussed

in Part B of this section.

After evaluation of the operational constraints imposed on the SCADS

sensor by the interference caused by the sun radiation or the earth-reflected

sun radiation, it can be concluded that a sun sensor would be a natural

complement to a SCADS sensor for the attitude determination problem. The

reason for such a combination results because any method of attitude determina-

tion employing a sun sensor cannot be fully effective when the spacecraft is

passing the dark side of the earth, whereas at this time the SCADS sensor is

fully effective. When the spacecraft is passing the sunlit portion of the

earth, the SCADS sensor may be operationally constrained to detect only the

brightest star whereas the sun sensor can provide the additional measurement

to determine the attitude. Also, the data from a sun sensor would be a

valuable aid in the star identification procedures. The advantages of both

sensors can be helpful in extending the period during which the spacecraft

attitude can be accurately determined.
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B. Particle Radiation Restrictions
__ m

Here we may be guided by NASA Goddard experience with the OGO II airglow

photometers. The main body photometer used a EMR 541 E-O5M, a one inch

diameter end-on tube with a tri-alkali cathode on a sapphire window [19] The

orbit was polar with apogee near 1500 kilometers and perigee near 400 kilome-

ters.

The photocathode current in this photometer was observed to vary from
-16 -9

5 x I0 to 3.3 x I0 ampere with the maximum occurring in low latitudes

near 1500 kilometers (L = 1.23). "It was not a simple increase in dark

current level, but consisted of a multitude of pulses, and tended to persist

after the radiation levels had decreased."

Since L = 1.23 corresponds about to the maximum of the inner belt of

fast electrons from the "starfish explosion" it is natural to attribute the

effects to these fast electrons. We thus examine some of the possible ways

in which these could cause noise in the photomultiplier.

I. Bremsstrahlung

Bremsstrahlung (X-rays) due to fast electrons cause photo-emissions by
2

the photoelectric effect (below .05 mc in carbon, .I mc 2 in aluminum), the

2
Compton effect and by pair production (important at about i0 mc in lead, 30

2
mc in aluminum)• This could be very serious in that the resulting X-rays

are very penetrating and it could happen that attempts to shield against the

fast electrons would only increase the X-ray production. Consequently, we

next estimate the amount of Bremsstrahlung we might expect from a given amount

of shielding.

2. X-Ray Production by Bremsstrahlung in Aluminum

We assume:
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l)

2)

normally incident mono-energetic electrons of energy E on an
o

infinite slab of thickness X 1 centimeters;

we can neglect all energy loss mechanisms except ionization and
excitation.

Number of photons which appear at X = X I is

a E(X)

_I Xl-Xn = N e T (k) dk

_k m -_
0 Emi n o

-- dx

(56)

where

dk (_ = mc 2)
6k E -_ '

o

is the cross section for emission of a photon in the range k, k + dk.

T(k) is the range for photons in aluminum. T(k) may be found from the

graphs of range given by Johnson (Satellite Environment Handbook) L20j_ and

approximated by,

log m(k) = .440 log k + 1.224

k > 5.5 x i0-2 MeV

(57)

= 2.760 log k + 4.126

k < 5.5 x i0-2 MeV

To find E(X) recourse was had to an empirical equation for range given

in the American Institute of Physics Handbook L21j

R = .412 En gm/cm 2 (58)
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n = 1.265 - .0954 In E

.01 < E < 2.5 MeV

R = .530E - .106 gm/cm2

2.5 < E < 20 MeV

Wetake n = 1.181 in first approximation and define,

i

X I. 181
H(X) =

X < 1.219 gm/cm 2 (59)

X + .106 gm/cm 2.530 X > 1.219

Then

E(X) = H(X ° - X) (60)

where X is the range of electrons of incident energy E . E . was taken as
2 o o mln

.i mc reasoning that photons of energy much less than this would not escape.

Finally, X2 was taken as the solution of

E (X2) = Emi n
2

= .imc

and a was defined as

a = Min (XI, X2) , (61)

which is just to say that an electron is followed until it either has energy

175



EVALUATION OF OPERATIONAL CONSTRAINTS

2
less than .i mc or it passes through the slab.

dk was taken from Heitler [22]. The non-relativistic approximation
_k g -_

o

and the extreme relativistic approximation with complete screening (Thomas-
2

Fermi model) were used with the change over at E = mc . The calculations

were repeated for total photon energy radiated, putting k_ k for _k"

The number, N, of Bremsstrahlung photons coming through an aluminum

shield of thickness XI = .25, .688, and 2.5 gms/cm 2 per incident fast electron

is plotted in Figures 64 through 66 as is the energy radiated per incident fast

electron, both as a function of incident energy.

The average photon energy as a function of incident energy appears in

Figure 67. It may be noted that the shielding is not very effective against

the X-rays, and the number of photons per incident electron as a function of

shielding thickness with incident energy as a parameter is plotted in Figure

68.

The results indicate that photon energies of about an MeV are typical and

that below 2.5 gms/cm 2 of aluminum less than one photon per incident electron

is produced. There is a tendency for the number of photons to increase with

shielding thickness up to a certain thickness for electrons of a given energy

(i.e., thickness 1.6 gm/cm 2 at E = 2 MeV) and to decrease thereafter.
o

The nature of these results appears to rule out Bremsstrahlung as a

major contribution, particularly when we consider the results of the Van de

Graff simulation of the OGO II environment by Reed et al. [19] On bombardment

of the photometer by 2.6 MeV electrons the dark current is observed to decrease

exponentially with the shielding thickness (their Figure 8). If Bremsstrahlung

were the major contribution an initial dark current increase would occur

according to Figure 68. Thus fast electrons and protons which penetrate the

shielding are the likely cause of the observed noise.
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3. Cerenkov Radiation

A. T. Young [23] has studied the noise due to Cerenkov pulses in an end-

on photomultiplier caused by the muon component of cosmic rays traversing the

face plate. He reports a minimum of about 50 photoelectrons for each Cerenkov

pulse. Thus, the Cerenkov radiation caused by fast electrons in the face

plate might have been a major factor in the photometer noise observed in the

OGO photometer.

Moreover, the experiments of the NASA group clearly established that the

photocathode and the first few dynodes were the sensitive element. C. Wolf [28]

finds the radiation induced noise proportional to cathode area and

concludes that either the lens elements or the photocathode was the sensitive

element. NASA experiments failed to detect luminescence of the optics.

The rate of Cerenkov radiation per unit path length in the wavelength

band (w, w + dw) is given (e.g. Schli_ L24J)_ by

2
dE _ e (62)
dx 2 (i - -x_l_) wdw

n2^ 2
c rD

where nr= refraction index

w = angular frequency

= v/c

v is electron velocity

c is light velocity

If N is the average number of photons produced at frequency

dN I dE

dx _dx

where _ = 6.62 x 10 -27
2n erg. sac.

(63)

182



EVALUATIONOF OPERATIONAL CONSTRAINTS

Equations (62) and (63) give

2
dN = 2n e

dx _c
(I - _2 2 A912 photons/incident electron

nr8

I I

where A_I2 = kl k2 , and

kl, 2 is the wavelength at angular frequency, Wl, 2.

(64)

For a single electron incident on the photomultiplier window at energy

E the total number of photons generated would be
o

N __

2n A_I2

137

E
,O

j ) dx(E) dE

rain

(65)

E

Of course, mi-----n-n= _ I + i i2 2 '
mc n r - i

_2 = t(t + 2)

(t + i)2 '

where t = E/mc 2,

and we have put e2/_c = 1/137.

In evaluating (65) the relation between x and energy E(x) would be the

same as in the section on Bremsstrahlung. Then, to find the total number of

Cerenkov photons produced in the Van Allen belts it is necessary to average

over the electron energy distribution and over-all photocathode window

orientations.

The computation can be simplified somewhat. In Figure 69 the factor

I - I/n_ 2 appearing in Equation (65) is plotted for sapphire (nr= 1.796 at
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2
5000 Angstroms) and noted to rise rapidly from zero at Emi n _ .204 mc ,

reaching almost its asymptotic value at E = 2mc 2 (I MeV). We therefore

approximate this factor as zero below Emi n and constant thereafter. Then,

(65) becomes,

2_A_12 __=__pI (66)
N_ 137 (i - --PiP'ave'

n_

where _. must now be suitably chosen.
ave

If the photocathode window thickness is,6 and its radius Rc, the thickness

(path length) averaged overall orientations is found to be,

ave %/ 2 in _ c2 _ 2 (67)l+c ( I + - I +c) ( I +c - c),

where c = --
TTRc "

If_ = 2 millimeters and Rc-- 1/2 in.,_
ave

with density 3.50 gms/cm 3).

= .392 cm. = 1.73 gm/cm 2 (sapphire

In the radiation belts electron energy distributions seem to fit a

relation like

= a_ e -aE
dE o

electrons/cm 2 sec. MeV (68)

We are thus led to put for _ in Equation (66) something like,
' ave
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co

e-aEx(E) dE

Emin (69)
_ave --

e-aEdE

E
rain

X(E) is taken as in Equation (58) as,

X(E) = .412 El'181gm/cm 2, E < 2.5 MeV (70)

= .530 E - .106 gm/cm 2, otherwise.

To Equation (70) we further add the restriction that,

X(E) < _av-- e'
(71)

_av comes from Equation (67).where e Then Equation (69) becomes

E
max

e-aEx(E) dE+ f e-aE_avedE

E E
rain max

L = (72)
ave

f e_aEdE

Emin

is found using_av = 1.73 gm/cm 2 in (70) as, E = 2.79 MeV, aEmax e max

result which suggests that we can as well use only the first of Equation (70)

in (72) and obtain,
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L
ave

-ot c

a i y(c_, aEmax) - Y(_, aEmi n)

_ave -aEmax
+-- e

a

I -aEmin
-- e
a

(73)

where _ = 2.181 and y(c_, X) is an incomplete gamma function.

Vette [25] has published a model for the inner and outer belt electrons.

From his Figure 36 (page 20), which we reproduce as Figure 70, we find that at

the peak of the inner belt the integral omnidirectional flux is,

108 -i .035E 2_(>E) = 2.8 x e per cm sec.

Thus, a = 1.035, and we find after evaluating the gamma functions

L
ave

= 16.74 x 10-2gm/cm 2

-2
= 4.784 x i0 cm,

and the average path length is less than 1/2 millimeter.

The minimum amount of shielding around OGO II main body photometer was

about 60 mils or .4 gm/cm 2 (cf., their Figure 3). Thus, from Figure 71,

range of electrons in aluminum, they are shielded for about i MeV electrons.

From Figure 70 (Vett_s AE-2 environment) at L = 1.25 there are about _ = 108

electrons/cm2sec, of energy greater than I MeV. If A is the projected

cathode area,
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nR 2
c

A-
2 '

The Cerenkov wave fronts travel in the electron direction. Thus, only

photons from electrons traveling toward the photocathode in the face plate

cause photo-events.

The quantum efficiency, Cq, of the 541E 05M over the wavelength band

1500 to 5000 Angstroms is about 20% (see Figure 72). Then the number of ex-

pected photoelectrons per second due to Cerenkov radiation in the inner belt

would be

_R 2 2_12
c

v- <l  ave <75)q i-_
nr

Taking kl = 1500 Angstroms, k2 = 5000 Angstroms, we have with _o

1.27, Cq .2, nr= 1.796, ve = .0478

Nc= 1.78 x 109/sec

= 108 R =

A photocathode current of 3.3 x 10 -9 ampere or 2.06 x i0÷I0 electrons

per second was observed. We conclude the Cerenkov radiation fails by about

a factor I0 to explain the noise.

4. Shielding the Photocathode

If we are satisfied that the photomultiplier can be shielded from the

radiation belts and the work of the NASA group on OGO II indicates this to be true.

The amount of shielding necessary to reduce the noise to a tolerable level can

be straightforwardly estimated. We shall wish to detect stars of magnitude

3m5 against the background noise due to all sources. From the work of Code [26]

we can estimate the number, no, of photons per second per square centimeter

incident on the earth's atmosphere from Vega (type AO, 0m0). This is,
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n -- 1.66 x 107/cm2sec. micron, at the center of the Johnson B filter
O

(4300 Angstroms).

Then the number of resulting photoelectrons pet second from a sensor with

, , photomultiplier quantum efficiency,optical aperture, D optical efficiency ¢o'

Cq, and band pass, A_, which views a star of magnitude MB, is about

-.4_ _ D2
S = n i0 -- Ak (77)o 4 ¢o¢q

If the faint star background is N tenth magnitude stars per square degree

and SAiS the slit area in square degrees, the signal due to this source is

NB = n N 10 -4 n D2o _ ¢ o ¢ q SAA_ (78)

A reasonable aperture is about 2 inches. Choose ¢o = .5, c

micron, MB= 3.5, N = 320, SA= .3 square degree. Then

q

S = 4.02 x 105/sec

N B = 2.42 x 104/sec

= .2, gk = .3

(79)

In the absence of radiation noise the faint star background is the major

source of noise, even so the DC signal due to it is less than the star signal

by a factor 17. Therefore-, we neglect it altogether.

i0 I0The NASA group observed a dark current of 2.06 x electrons per second

and were shielded for about an MeV. Above an MeV at the equator in the inner
2

belt are about 108 electrons/sec cm . If each fast electron incident on the

photocathode produced k photo-events,

2.06 x i0 I0 _ R2 k x 108 (80)
_ C
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and since R = 1.27 centimeters, k _ 80.
C

5. Allowable Noise

Consider the situation of Figure 73.

the sensor causes an output,

Some random process f(t) acting on

OO

l(t) 7 ak= _ p(t - tk) , (81)

k_--¢O

where p(t) describes the individual pulse shapes at the photomultiplier out-

put and ak their amplitude. Let ak be a random variable, l(t) is fed to the

input of a filter with impulse response h(t). The filter output will be

GO OO

lo(t) = L ak p(t - T - tk)h (T)dT (82)

k_ --OO --CO

By Campbell's Theorem [27] the variance of I will be
o

oo QO

2 ]2= _ a p(T' -T)h(T) d, dT' (83)

--GO .CO

m

2
where _ is the rate at which photo-events occur and a

of ak.

is the second moment

Since the filter response will be much slower than the photomultiplier

we can just as well take p(t) as the delta function. Then upon integrating

over T,

Oo

2 2 _ h 2(T ' '= _ a )dT

JO_
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2
= V a l' IH(f)l2df

Final ly,

2 = 2'_ 7 Af, (85)

where,

_f =

o

I H(f) 12df is the filter noise bandwidth.

To proceed, further knowledge of the distribution of the ak is needed.

Lacking this knowledge, we assume a normal distribution with mean a = k.

Then

2 k2 k2a = k + _ (86)

Then if particle radiation noise dominates with photoevents due to this occurring

at a rate N per second and mean magnitude k, the peak signal to RMS noise is
P

S
F = (87)

_' 2(S + k2Np)Af

(Note that a2 = I for signal photoelectrons.)

Accurate location of a star position at a signal to noise ratio of 5 is

reasonable. Thus, take F = 5. A 0.I degree slit rotating at 15 rpm transits a

star in a time,
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.Ix 15

Ts 360 second (88)

The optimum electrical bandwidth is about

I
- 80 cps.3T

s

One can solve for N from (87) with the result that
P

Np = 6.25 x 103 fastsecondelectrons

The average projected area of the photocathode being half its total area,

the allowable Van Allen belt flux becomes

= 2.47 x 103/sec cm 2 (89)

A dotted horizontal line which corresponds to this flux has been drawn in

Figure 70. We see that unless we shield against at least five MeV, operation

with an end-on tri-alkali photocathode is not possible through much of the

belt. Since disturbed sun conditions may increase the outer belt radiation by

factors of about 102 , shielding the photocathode and first dynode stages for

seven MeV seems indicated. If the radiation environment were Vette_ AE-2,

Figure 70 indicates we would still be inoperative between 1.2 and 2.0 Earth

radii. This would require one gram/centimeter 2 about the neck of the sensor

and amounts to a centimeter thickness of aluminum.

6. Luminescence

The NASA group [19] tested the luminescence of various window materials on

irradiation with 50 KeV electrons from an electron microscope and by a milli-

curie strontium 90 source. We will use the data from each experiment, in

turn testing whether luminescence of the cathode window material caused by
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fast electrons can account for the OGOII results.

According to Heitler_29_F7in the region where the dominant loss mechanism

for fast particles in matter is by collisions, the average energy loss is

"very nearly proportional" to the number of primary ion pairs formed. The

ratio of ionizations to excitations and the average energy transfer per ion

pair are nearly independent of primary energy. About one primary ion pair

is formed for each 32eVof energy loss practically independent of the

particle type. Of course primary ions (or electrons) subsequently produce
secondaries.

Mott and GurneyL30jF7discuss the production of luminescence in solids.

In speaking of irradiation with _ and 8 rays (presumably at moderate energies)

they observe that most of the energy dissipation is by production of electron-

hole pairs which subsequently recombine at impurity centers, Frenkel and

Schottky defects, or at the surface where they either transfer their energy

to the lattice atoms or radiate on recombining. A discussion of the mechan-
isms by which electrons and holes lose their excess energy is given.

The assumption, which the preceding few paragraphs are used to justify,

is that the radiance per incident particle is proportional to its energy loss.

7. Electron Microscope Data
2

On irradiation of sapphire with 50 KeVelectrons at 108per cm sec,
2radiance of 10-4 ergs/sec cm steradian was observed in the band 3500 to

4100 Angstroms. That is per 50 KeV electron an energy,

i0-14 oE _ _ x ergs/A (90)

was radiated into 2_ steradians in the visible and ultra-violet.

Weassumethat the main body photometer was shielded for i MeVand that

197



EVALUATIONOFOPERATIONALCONSTRAINTS

the energy distribution of electrons in the inner belt is given by Equation
!

(68) and the environment is Vettes AE-2. This neglects belt decay as indeed

we have previously done.

The average energy above an MeV is,

I
I + MeV = i + _ MeV

a 1.035

Of this on the average an MeV is lost in the shielding so that the average

energy of electrons incident on the photometer cathode window was about

E _ 1/1.035 MeV (91)
ave

Over the wavelength band 1500 to 6000 Angstroms the 541E-05M typically

has a quantum efficiency Cq of about 20%. Mid-band wavelength, kave, is 3750

Angstroms and bandwidth is 3500 Angstroms. The density of electrons above
2

an MeV is again taken as 108/sec cm . Then the expected number of photo-

electrons per second is,

E k

= _ _ 6 E ave Eq ave Ak (92)
npe _ o 5 x 10-2 hc

Using (90) and (91) in (92) with the data of the previous paragraph,

n _ 2/3 x 1010/sec
pe

(93)

This is within a factor 3 of the observed photocurrent.

8. Strontium 90 Irradiation

In order to evaluate the effect of strontium 90 irradiation, a NASA

group [19] placed a millicuriestrontium 90 source one-quarter inch square in
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contact with various samples of window material. Within the wavelength

band 1800 to 6300 Angstroms the radiance from the sapphire sample was 3.8 x

I0 -I0 watts/cm 2 steradian. Strontium 90 with a half life of 25 years has a

daughter, ygO, with a half life of 65 hours. Thus, the strontium 90 is in

equilibrium with its daughter. The maximum 8 energy of the strontium 90 is

.545 Me_ that of the y90 is 2.26 MeV. There is also 1.74 MeV gamma radiation

2
at a rate of 6 x 102/sec cm which will be neglected. There will be 2 x 3.71

x 107 decay events/sec, but only half of these would result in 8 rays through

the sapphire.

In his discussion of _ decay, Fermi [31] gives for the probability that

the emitted electron has momentum in p, p + dp,

P (p) dp = Const.

2

I + 7]o2 - %/ i + _2 _2d_ ]

where,

J%
me

and

P
max

=
o mc

The average energy carried away by a 8 particle will be,

E
ave

P
max

2

P
max

P(p) dp

o

(94)
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The integral in the denominator of (94) is given by Fermi [30] in terms

of a function F(_o).

_o _o 3 _o 5 _ i + _o 2

F(_o) -- 4 12 30 + 4 sinh- I_o (95)

Defining,

E(_o ) = ! I + _o 2

_o _o 3 _o 5 _o 7 $ i + _o 2

= -_ + 24 60 + I0---5- 8 sinh-l_o' (96)

mc 2 E (_o)
E = (97)
ave 2 F (_o)

Using Equations (95) through (97) we find

E (.545 MeV) = .087 MeV
ave

E (2.26 MeV) = .675 MeV
ave

(98)

There is a Cerenkov component in the radiance measured by the NASA group.

Most of this is from the y90 decay. The amount of this will first be estimated

assuming a mono-energetic beam of energy given by (98). This is equivalent to

neglecting the energy dependence of 8 in Equation (62) and the contribution of

the strontium 90.
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The Cerenkov radiation per electron will be from (62)

E _ 2 2e 2 _ i I - _ ave

c k12 _2 /

(99)

Below .204 MeV the Cerenkov radiation in sapphire ceases. The range of

2 MeV electron is about .04 gm/cm 2. That of .675 MeV electron about .250

gm/cm 2. Thus, we will use an average path length for Cerenkov radiation of

.210 gm/cm 2 or (using a density of 3.5 gm/cm 3)

= .06 cm (I00)
ave

Using (i00), nr: 1.796, k I = 1800 Angstroms, k2 = 6300 Angstroms, e =

4.830 m lO-10e.s.u.

i0-I0E = 5.34 x erg/electron
C

2
The number of electrons emitted per cm per second per steradian is,

(ioi)

3.71 x 107

n =<_ = 7.32 x

e 2 X4rT

106/cm 2 second steradian (102)

The product of (I01) and (102) is the estimate of the amount of observed

light from the sapphire due to the Cerenkov component. This is,

I = 3.91 x 10 -3 ergs (103)
c 2 '

sec cm steradian

an amount sufficient in itself to account for the NASA observation.
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Nonetheless, some of the observed light must have been due to scintil-

lation. Let us use the electron microscope data to estimate th_is component.

There we had that an amount of energy,

-19 ergs
Ee_ = _?_ x i0 o

A eV

was due to luminescence. Therefore, with .675 MeV electron in the wavelength

band 1800 to 6300 Angstroms we would have

E = _ x 10-19 x 3.5 x 103 x .675 x 106
e 1.5

(104)

= 4.95 x I0 -I0 ergs/electron

This is almost the same as the Cerenkov component of Equation (I01). Let us

assume that the relative amounts of Cerenkov radiation and luminescense

occurring in the strontium 90 experiment are given by (I01) and (104). There

we had that,

107/(2.54/4,2) .675 MeV electrons3.71 x 2
cm sec

.675

= 4_ x .675 + .087

.495

x 4.95 + 5.34
x 3.8 x 10 -3 ergs/cm 2 sec

Where we use only the y90 8 particles in the computation; the energy radiated

in luminescence is about 2

E
e

-I0
= 2.21 x I0 ergs/.675 MeV electron

The expected number of photo-events due to luminescence of the NASA

photometer cathode window in the AE-2 environment would be,
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wR 2 E

ave avenpe= _ Ee _ eq h---_

Using R = 1.27 cm, eq .2, hav e 4050 Angstroms, Eav e

¢o = I08/cm2 see,

n _ 3.27 x 109/sec
pe

This is within a factor six of the observed rate.

= i/I.035 MeV and

(105)

Using the electron microscope data we came within a factor three of the

observed rate, and Cerenkov radiation came within a factor eleven. Considering

the crudeness of the calculations, we perhaps have no right to expect

better agreement. Nonetheless, none of these mechanisms has really accounted

for all the observed noise. And since the belt decay was neglected, the

discrepancy appears even greater.

It is likely that luminescence from the tube walls near the photocathode

and scintillation of the tri-alkali itself are needed to fully explain all

the noise, but it seems likely that fast electrons penetrating the shielding

can account for most of the dark current increase observed on the OGO II

main body airglow photometer.

The proton component has not been included. Shielding for MeV electrons

also shields for 15 MeV protons (cf. Figure 71). Above 15 MeV Vette's liP 1-4 [32]

environment gives about 3 x 104 protons/cm 2 sec at 1.3 - 1.4 earth radii.

This is orders of magnitude less than the electron density at the same place.

9. Shielding Requirement of S3

If an end-on tube on photomultiplier of the 541E-05M type is used, a

centimeter of aluminum seems needed to insure that 3_5 magnitude stars are
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detected against the background of the radiation belt noise through most of

the orbit. It is expected that similar shielding would be required for an

EMR 541N photomultiplier. Even so, the scanner will likely be inoperative

between 1.2 and 2.0 Earth radii. This shield should cover the photocathode

and first few dynodes extending well beyond the cathode in both directions

along the tube axis. A side window tube requires less shielding but must

have a field lens to image the reticle onto the photocathode. A price must

also be paid in quantum efficiency.

2O4



ELECTRONICDESIGN

XI. ELECTRONIC DESIGN

For a spin stabilized vehicle, the slit reticle is fixed with respect to

the vehicle and the slit scanning motion is obtained as the vehicle rotates

about its spin axis. For an earth stabilized vehicle, the scanning motion

must be electro-mechanically supplied by a synchronous motor which rotates

the slit reticle. Consequently, the SCADS-S 3 electronics for the earth

stabilized vehicle must include motor drive circuits in addition to the

electronics required for the spin stabilized vehicle. This section will first

describe the spin stabilized electronics followed by a brief description of

the electronics required for the earth stabilized vehicle.

A. Electronics for Spin Stabilized Vehicle

The SCADS-S 3 electronics for the spin stabilized vehicle must include

both analog and digital circuits in addition to the required power supplies

and associated regulator circuits. The basic electronic functions which the

electronics must perform may be stated as follows:

(a) filter the star signals from the photomultiplier output;

(b) digitally encode the slit transit time of each star whose intensity

exceeds the threshold level using as a time base a binary digital
clock;

(c) provide overload protection for the photomultiplier.

The basic electronic block diagram required to provide the above electronic

func_cns is shown in Figure 74.

As seen from Figure 74, the anode output of the photomultiplier (PMT) is

connected to a load resistor, RL, so that the anode current produces a nega-

tive anode signal voltage. The anode signal voltage drives a high input

impedance amplifier which provides sufficient current gain to drive the

relatively low input impedance to the parallel input connection of the two

low pass filters labeled H and L.
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The parallel connection of the two low pass filter inputs is important

because by adjusting the cut-off frequencies and subtracting the respective

outputs it is possible to remove the slowly varying (almost DC) background

signal from the total signal, which includes the star signals. The slow

variation in the background level is caused by the continuous scanning of

portions of the celestial sphere having different background light intensities.

For example, the Milky Way background intensity is greater than for areas

outside the Milky Way.

In Figure 75 waveforms illustrate why removal of the slowly varying

background is desirable. The top waveform shows the output of the H (high

cut-off frequency) low pass filter. The cut-off frequency of the H filter

is set to attenuate the high frequency noise but still pass the star transit

pulses. The middle waveform illustrates the output from the L (low cut-off

frequency) low pass filter. The cut-off frequency of the L filter is set

to attenuate all signals (including the star transit pulses) except the

slowly varying background component. Thebottom waveform is the inverted
difference of the top two waveforms and illustrates the star transit pulses

all rising above a commonbase level. Setting the threshold level as shown

for the bottom waveform results in detection of all three star transit pulses

shown for a single scan, whereas setting a similar threshold level for the

top waveform having unfiltered background can result in missed star transit
pulses, which can result in the failure to compute the attitude.

The cut-off frequency of the L filter is not particularly critical;
however, certain broad restrictions must be imposed. First of all, the

filter time constant (transient response time), Tf, must be much less than the

rise time, T, of the change in background level. This restriction is
necessary to insure that the L filter output will closely follow its input.

So pick Tf --<Tr/10. But Tf _ i/w c = i/2_f c, so fc -->10/2nTr. Then as an

example, if Tr _ 4 seconds for an eight second scan period, fc -> 10/8n _ .4

cycles per second.

207



ELECTRONICDESIGN

0
Z

0
n-
(.g

0
<[
m

Or)
.J
<[
Z
(.9
m

u')

n."
<[
I--
(/)

W
I--

(n
0
(1.
X
0
(.1
w

n"
ILl

_J

b.

3:

=i
0

b.

I,-

Q.
I--

0

m

,

i

m

L_

m

o
o

h

._J

.,.-I

0

t.2

0

>

I_.

208



ELECTRONIC DESIGN

Another broad restriction is that the cut-off frequency of the L filter

must be as low as possible to minimize the distortion to the star transit

pulse after the background level has been removed. By subtracting the L

filter output from the H filter output, the low frequency components of the

star transit pulse are also removed along with the background level. Removing

substantial low frequency components from a uni-polarity pulse has the effect

of differentiating the pulse (BennettL33J).'_ Therefore, it is desirable that

the L filter frequency response have a reasonably sharp roll-off. For the

star transit pulse widths experienced for SCADS, the distortion caused by

subtracting the low frequency components should be negligible.

The transfer function of the L filter should have a near linear phase

shift versus frequency characteristic, so that the filter transient response

is near critically damped.

It has been suggested that the L filter and difference amplifier could be

replaced by a coupling (DC blocking) capacitor connected at the input to the

H filter. However, such a capacitor forms a single pole RC transfer function

with the H filter input resistance which then acts as a differentiator. On

the other hand, the L filter transfer function can have several poles which

can be selected so as to better preserve the symmetry of the star pulse.

The design parameters for the H filter have been described in detail in

Section IV-E and will not be further treated here.

After the star pulse has been filtered, the star transit time must be

encoded by the digital logic circuits. The filtered star pulse drives one of

the two inputs of a level detector. The other level detector input is driven

by a voltage level supplied by a D/A converter which determines the detection

threshold. As the filtered star pulse rises above the threshold level, the

level detector output switches rapidly from a "O" voltage level to a binary

"i" voltage level. This instant of _Itchlng is referred to as the star

entry time. Similarly, as the star pulse falls below the detection level, the
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level detector output rapidly switches from the "i" voltage level to the "0"

voltage level. The latter instant of switching is referred to as the star
exit time. The star transit time will be defined as the average of the star

entry time and the star exit time. The primary purpose of the digital logic
is to encode the transit time for each star whose signal amplitude crosses

the threshold level.

It will be assumedthat the S3 spacecraft will have an on-board binary

clock which will have sufficient stability and resolution for encoding of

star transit time data. The required clock stability and resolution for
SCADSwill be discussed later in this section. It will also be assumedthat

the clock and timing signals required for transit time encoding will be avail-
able to the SCADS-S3 electronics. In addition, since the S3 vehicle elec-

tronics will contain a buffer memory, the SCADS-S3 electronics will contain

temporary storage of transit time data for a single star transit only.

Considering the above assumptions, a reasonable method of encoding the

star transit time is presented in Figure 74. A brief description of the

method is given below.

At the leading edge (star entry time) of the level detector output, the

low order bits of the spacecraft clock are gated into the transit time counter

and register. Also at this time a clock signal from the spacecraft is gated
into the transit time counter. This clock signal should be the second low

order bit from the spacecraft clock so that the transit time counter is stepped

at one-half the rate of the clock's lowest order bit. This counting is con-

tinued until the trailing edge (star exit time) of the level detector output occurs

at which time the counting is stopped. Counting at one-half the basic clock

frequencyhas the effect of arithmetically averaging star entry and star exit

times.

Immediately after the star exit time_ a signal is sent to the spacecraft
buffer memoryinforming it that star transit data is available for storage.
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As soon as the spacecraft buffer memoryis ready to receive data, it sends a

Store Data signal to the SCADSlogic which gates the contents of the transit
time counter to the S/C buffer memory. Immediately after the transit data

has been stored in the buffer, the SCADSlogic is reset to encode the next

star transit. While a star transit word is awaiting storage in the S/C

buffer, the SCADSlogic is inhibited from encoding and storing any star
transits that occur during the wait interval.

The highest order, or nth, bit from the S/C clock that is gated into the

transit time counter should have a period which is somewhatgreater than the

vehicle scan period to insure that two different star transits in a single

scan period do not have similar transit times. To further avoid transit time

ambiguity and also to allow determination of vehicle attitude as a function

of spacecraft time (or spacecraft orbital position), the remaining upper
order bits (above the nth) of the spacecraft clock should be stored in the
S/C buffer at the beginning of each period of the nth bit. This is shown

th
in Figure 74 where the n bit clear detector detects the beginning of a new

th
period for the n bit. At this instant, the high order bits of the S/C

clock are stored in the time clock register. After a short delay, a ready

signal is sent to the S/C buffer memoryto inform it that a word is ready

for storage. Whenthe buffer is ready, a store signal is received from the
buffer which gates the time clock register contents into the S/C buffer. Star

transit data is inhibited from being encodedwhile the upper order bits of the

S/C clock are being stored.

The number of stars scanned per spin period brighter than the limiting

detectable magnitude varies over a very broad range, typically from about 20

to 3. Since detection of only three stars per scan period is required to

determine attitude, it is desirable to limit the number of transit detections

to someintermediate number. This can be accomplished by automatically

raising and lowering the detection threshold depending upon the number of

stars detected per period. The logic implementation shown in Figure 74 counts
the numberof star detections per scan period. If the numberof detections
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per scan period is greater than eight, then another counter is stepped forward

causing the D/A converter output to raise the threshold votage at the level

detector input. If the number of detections per scan period is less than eight,
then the counter is stepped backwardwhich lowers the threshold voltage to the

level detector. A preset timer having the sameapproximate time period as the

scan period will reset the star transit counter.

i. Photomultiplier Overload Protection

In order to prevent degradation of the photomultiplier cathode and dy-

nodes, it is necessary to limit the current emitted by these surfaces when

bright sources such as the sun, earth, or moonget into the optical system
field of view. Since current flow does not occur whenhigh voltage is re-

movedfrom the photomultiplier cathode and dynode chain, an obvious way of

limiting the emission currents is to reduce or remove the electron accelera-

tion voltages to the cathode-dynode chain whenever bright sources of radiation
enter the field of view.

For the elliptical equatorial orbits, the sunlit earth will get into the

field of view for portions of each orbit. For someconditions of the circular

polar orbits, the sun mayalso get into the field of view. For these cases,
it is certain that the photomultiplier emission current limits will be ex-

ceeded if the photomultiplier voltage is not reduced or removedwhen the

bright source enters the field of view. The full moonintensity can also
cause excessive emission currents, so it too must be considered as a bright

source. However, the moonis less of a problem than the earth or the sun

because the angle it subtends from the spacecraft is always small.

The logic block diagram in Figure 74 indicates ways of detecting an

overload or a potential overload condition. Both of these conditions must

provide logic signals which can temporarily reduce or remove the photomulti-

plier high voltage.

An actual overload condition can be detected at the photomultiplier out-

put by sensing when the output signal across Rs exceeds a threshold level
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determined from the maximum average anode current rating. The output of a

level detector will automatically switch OFF the photomultiplier high voltage.

The photomultiplier high voltage must then be turned back ON by a telemetry

cormnand from the ground station, provided no bright source is in the field of

view.

A potential overload condition can be sensed by placing a string of sub-

miniature solid state photocells about the edge of the field of view. These

detectors would be positioned so that as radiation from the earth or moon

is about to enter the slit, at least one of the detectors would provide an

output signal adequate to exceed a level detector threshold. Each photocell

would drive a level detector and all the level detector outputs would be

logically connected as an OR gate function. The OR gate output would

automatically switch OFF the photomultiplier high voltage. The photomulti-

plier voltage would remain OFF until all photocell outputs fa ii below the

threshold level at which time the photomultiplier voltage is automatically

turned back ON.

2. Design of High Voltage Power Supply

It is required that the photomultiplier high voltage power supply be

capable of turning OFF and ON within a small fraction of the scan period in

order to prevent the formation of high current densities within the tube when

bright radiation sources are scanned. The EMR photomultipliers can be pur-

chased from the manufacturer with an integrated high voltage power supply

wrapped around the tube envelope. However, the design of this supply does

not permit rapid enough turn ON and turn OFF capability, especially for

relatively short scan periods. Consequently, it is necessary to consider a

specially designed high voltage supply which is capable of switching OFF and

ON in tens of milliseconds.

A block diagram for a high voltage power supply design which permits fast

switching is shown in Figure 76. The input voltage to a DC-AC inverter is
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regulated up or down inversely proportional to the voltage change at the high

voltage output from the Cockroft-Walton voltage multiplier. A high gain

feedback loop senses changes in the output voltage and causes the voltage

regulator to provide correcting input voltage changes to the inverter. The

following paragraphs discuss voltage multiplication and the achievable

charging and decay time of the output voltage.

A common method of producing low current high voltage DC power from low

voltage AC sources is the voltage doubler shown in Figure 77. One-half of

the AC cycle is used to charge capacitor C I to the peak of the input and this

capacitor charge in series with the other half cycle charges C2 to twice the

input peak voltage. This principle can be extended indefinitely at least

theoretically to provide a very high voltage which is conveniently divided

into equal steps. While this multi-step multiplier was originally developed

for powering charged particle accelerators with requirements in the megavolt

range; with the proper input voltage, it has voltage and current capabilities

closely matching photomultiplier requirements. In Figure 77 it would be a

simple matter to add a half wave rectifier to provide the missing first step

Ep, but then difficulty ensues when an arrangement for 3Ep is wanted. A

system for tripling is shown in Figure 78. It is the same as Figure 77 with

an added capacitor and diode and a different ground reference point. From

the characteristics of these two circuits it is easy to deduce that a single

multiplier will only produce odd or even multiples of the transformer voltage

but not both. Of course, the transformer secondary could be designed for half

the required voltage step but this does not produce the lowest possible supply

output impedance, especially for the first two stages which ideally could be

positive and negative half wave rectifiers. Multiple transformer windings

produce unequal loading effects which are not desirable with high frequency

saturable core inverters.

It would be possible to connect both of these networks, mutually extended

to provide 14 voltage steps, to a single transformer for a photomultiplier

tube power supply. A reduction in capacitor voltage requirement and thus size
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CI

Ep

II
C2

2Ep

FIGURE 77: Voltage Doubler Circuit

Ep--

3Ep

C 2

II
II

d

FIGURE 78: Voltage Triplet Circuit
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is achieved by an interlacing or series connection of the capacitor strings

as shown in Figure 79. While the schematics in Figures 77 and 78 are for

positive output the one in Figure 79 is reversed to show the actual negative

output required for grounded photomultiplier output operation. A positive

half wave rectifier is added to the lower end of the multiplier with the

output grounded to provide two low impedance stages.

In a saturable transformer inverter, leakage reactance spikes of various

amplitudes can exist depending on loading. With this multiplier where separate

sections supply even and odd dynodes it is possible for a spike on one set to

contribute enough voltage to seriously upset interdynode voltages under very

light load conditions. It is thus necessary to load both sections to insure

the voltage is determined by actual square wave amplitude. A voltage

sensing divider across the supply for feedback regulator control will only

load one section, and it is most economical to connect a load between the

next highest even and odd voltages to load the other section.

For a given load and ripple tolerance, supply frequency and capacitor

size can be chosen. For a photomultiplier in a scanning system which must be

turned OFF during sun, earth, or moon scan, charge and discharge times are

also important. Discharge time is simply related to load and capacitor size

by the equivalent exponential RC time constant. Charging time is more diffi-

cult to determine but has been obtained for a 14 stage multiplier (Figure 80)

by computer simulation. For each half cycle it is possible to write equations

at each stage for the voltage on each capacitor as a function of the voltage

on the two capacitors at the end of the previous half cycle. The overall

multiplication factor as a function of elapsed cycles is shown in Figure 81.

With a 50 kilocycle input square wave, the charging times are as follows:

99 percent full output requires 6.61 milliseconds,

99.9 percent full output requires 10.2 milliseconds.
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FIGURE 79: Interlaced Dual Even-Odd Multiplier
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B. Field Stabilized Vehicle

The electronics required for the field stabilized vehicle is similar to

that required for the spin stabilized vehicle except a Scanning Angle Sequen-

tial Incrementer (SASI) motor is required to rotate the slit reticle at a

constant RPM in synchronism with the clock pulses used for encoding star

transit times. In addition to the motor itself, motor drive circuits are

necessary to provide a properly timed sequence of pulses to the motor mechanism.

The SASI motor consists of a rotating disk which carries the reticle

slit and is supported by a jeweled bearing assembly. Teeth are positioned

on the disk periphery, with the tooth width equal to the tooth spacing.

Positioned adjacent to the disk teeth are four small stationary clusters of

electro-magnets spaced 90 ° apart which supply the rotating force. Each pole

within the cluster of eight poles is in effect spaced mechanically 1/8 of a

tooth from its neighbors by means of the diagonal construction of the tooth

assembly. There are 256 (28 ) teeth on the periphery of the disk.

The pole faces are arranged in the following manner:

Pole Pole

I 0° 9

2 0° + 1/8 tooth i0

3 0° + 1/4 tooth ii

4 0° + 3/8 tooth 12

5 0° + 1/2 tooth 13

6 0° + 5/8 tooth 14

7 0° + 3/4 tooth 15

8 0° + 7/8 tooth 16

90 ° + 1/32 tooth

90° + 5/32 tooth

90 ° + 9/32 tooth

90 ° + 13/32 tooth

90° + 17/32 tooth

90° + 21/32 tooth

90° + 25/32 tooth

90° + 29/32 tooth
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Pole Pole

17 180°+ 1/16 tooth 25

18 180 ° + 3/16 tooth 26

19 180 ° + 5/16 tooth 27

20 180 ° + 7/16 tooth 28

21 180 ° + 9/16 tooth 29

22 180 ° + 11/16 tooth 30

23 180° + 13/16 tooth 31

24 180 ° + 15/16 tooth 32

270 ° + 3/32 tooth

270 ° + 7/32 tooth

270 ° + 11/32 tooth

270 ° + 15/32 tooth

270 ° + 19/32 tooth

270 ° + 23/32 tooth

270 ° + 27/32 tooth

270 ° + 31/32 tooth

The slit is rotated by sequentially pulsing the electromagnetic poles

in the following manner:

I - 9 - 17 - 25

2 - I0- 18- 26

3 - II- It9 -27

4 - 12 - 20 - 28

5 - 13 - 21 - 29

6 - 14 - 22 - 30

7 - 15 - 23 - 31

8 - 16 - 24 - 32

Each time all 32 magnets are pulsed, the rotating slit advances 2 -8 of a

revolution. Therefore, each magnet must be pulsed 28 times per revolution,

hence there are 213 rotational increments per revolution. Due to the

relatively large inertia of the reticle disk, there is only a small amount of

speed variation or cogging between the teeth.

The logic required to drive the SASl motor is relatively simple as shown

in Figure 82. The basic clock resolution interval is first divided into 32

time intervals. The subdivided clock frequency is then used to drive sequencing

logic which sequentially provides drive pulses to each of the 32 magnet poles.
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The sequencing logic consists of a five stage binary counter and a decoding

matrix whose32 outputs each drive one pole winding.

In order to orientate the position of the slit with respect to the ve-

hicle axis it is necessary to provide a zero reference indication. When the
zero reference signal occurs for each revolution, the contents of the S/C

clock must be stored in the S/C buffer memory.

The zero reference signal can be easily generated by using a small, high

reliability lamp, a miniature mirror mounted on the reticle assembly and a
solid state photodetector. There is a large selection of mounting configura-

tions. A reasonable mounting method is to mount the mirror on the rotating

reticle so that as it rotates past the stationary mounted light source, light
is reflected back to the photodetector, which is also stationary mounted.

The photodetector, by proper selection of the numeroustypes on the market,

can have a very fast rise time and would require very little power. Its out-
put would already be sufficiently large without amplification and could be

fed directly to a Schmitt trigger circuit to shape the signal. The Schmitt
trigger output would then be used to gate the S/C clock output into the S/C

th
buffer as was similarly done by the n stage clock bit for the spin stabilized
electronics.
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C. Clock Resolution and Stability Required for SCADS-S 3

Encoding of the star transit time must be performed with sufficient pre-

cision so that the required system accuracy can be realized. In order to

achieve the required system accuracy, all sources of error must be considered,

with one of the sources being the transit time uncertainty introduced by the

encoding process. The major sources of error may be listed as follows along

with the approximate EMS error contributions for each source expressed in

terms of the slit width parameter, SW;

A

I SW

(a) asymmetrical blur circle - i-_
i

(b) asymmetry introduced by starlP_Se filtering - _
(c) photomultiplier shot noise --

_-_ 7
(d) encoding error

6

SW

The EMS error contributions for item (a) is an experienced estimate based

on computer generated blur spot diagrams for various lens systems analyzed for

SCADS type systems. Reference [34] shows some typical blur spot diagrams.

The EMS error contributions for items (b) and (c) are based on the analysis

given in Section VIII. The encoding error contribution can be derived by

consideration of the uniform probability density function. The threshold

crossing for a star pulse is equally likely to occur at any instant during a

clock period resolution interval. So the probability density for the threshold

crossing time is a uniformly distributed random variable whose EMS value is

L
where L is the length of the time interval. It will be assumed that the

trailing edge threshold crossing time is independent of the leading edge

threshold crossing. Since the star transit time is the average of the leading

edge and trailing edge threshold crossings, then the EMS transit time must be

approximately _- L. Now, if L is set (rather arbitrarily) equal to one-sixth

the slit transit time (for a point source), then the encoding EMS error

contribution becomes _

6 _"
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If it is assumedthat all the major error sources are independent, then

the total RMSazimuth error becomes.21SW. For an 18 arc-minute slit width,

the RMSazimuth error is 3.6 arc-minutes which is sufficient to achieve a

three axis attitude error of less than six arc-minutes with 80%probability

(See Section VIII).

For an 18 arc-minute slit width, the clock resolution interval expressed
18

in angular units must be L =-_ = 3 arc-minutes. For a scan period of T
3T

seconds, the clock resolution must be2.16At = 2.16 x IQ4 seconds. Each scan
period is, therefore, resolved into _ x 104 _ 21_ parts. Consequently, in
Figure 74, the thirteen low order bits of the S/C clock must be gated into a

thirteen bit counter for transit time encoding.

As shownin the previous paragraph, the resolution of the SCADSclock

expressed in time units is a function of the sensor scan period. Since each
spin stabilized S3 orbital configuration has a specific vehicle scan period

or a range of scan periods, the required clock resolution intervals may be

tabulated for each orbit configuration. (See Table XVII.)

It should be noted that a basic clock oscillator frequency of 14.4 Kc

will provide the SCADSadequate time resolution for all orbital configurations.

It is important that the clock used for encoding SCADSstar transit data

be synchronized with Universal Time, or someequivalent, in order to determine

spacecraft attitude as a function of time. Almost any synchronization method
should be sufficient. Onereasonable method would be to have the period of

the clock be slightly greater than the orbital period and then to count the

numberof orbits. The numberof stages required by the binary clock used for
SCADStransit time encoding may be determined in order for the clock period

to be greater than the orbital period. The numberof stages required depends

upon the clock resolution interval and the orbital period, and have been tabu-
lated in Table XVIII for each S3 spin stabilized orbit configuration.
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TABLE XVII

S3 CLOCK RESOLUTION

Elliptical Equatorial

T = 15 seconds

At < 2.08 x 10-3 seconds

--I

= _ > .48 x 103 cpsf

Near-circular_ Near-polar (% < T < 30 seconds)

T = ½ second

At < .695 x 10-4 seconds

f > 14.4 x 103 cps

T = 15 seconds

At < 2.08 x 10-3 seconds

f > .48 x 103 cps

T = 30 seconds

At < 4.17 x 10 -3 seconds

f > .24 x 103 cps
n

Near-equatoria I

T = 120 seconds

At < 16.7 x 10-3 seconds
m

f > .06 x 103 cps

Synchronous Gravity Gradient

T = 5 seconds

At < .695 x 10-3 seconds

f > 1.44 x 103 cps
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TABLE XVlll

RECOMMENDED NUMBER OF STAGES FOR SCADS-S 3 CLOCK

Elliptical Equatorial

Orbital Period -- T = 8 hours
o

T

o 224

Near-circular, Near-polar

T = i00 minutes
o

T

o _ 227
A t min

Near-equa tor ia i

T = 98 minutes
o

T
o 19

--<2
At --

The clock resolution interval used for star transit time encoding requires

stability for only a relatively short time interval. For SCADS the clock

stability is most important for statistical averaging of attitude data from

successive scan periods in order to improve the accuracy of the attitude esti-

mate. It has been demonstrated that the accuracy of the attitude determination

can be significantly improved if averaging is performed over i0 or 15 succes-

sive scan periods. So in order to neglect the error contributions due to the

clock instability, the clock resolution interval should not change (drift) by

more than a small fraction of the nominal resolution interval. Consequently,

the clock resolution interval should not change by more than I/i0 the nominal

resolution interval over fifteen scan periods. Since fifteen scan periods are

comprised of approximately 1.23 x 105 resolution intervals, the clock stability

should be better than one part in 106 .
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XII. ESTIMATED SENSOR SIZE, WEIGHT, AND POWER

A. V o lume

The volume of the S3 sensor can be approximately estimated from manu-

facturer's data sheets of components and by extrapolating from previous

studies [l'4j_" relating to a SCADS type sensor. The volume estimate is some-

what dependent upon the vehicle stabilization method and also the scan period.

Therefore, it is natural to separately tabulate the volume for each configura-

tion. (See Table XIX.)

Since the sun shield is essentially external to the sensor, the sun

shield volume for each lens system is listed separately in Table XX.

The volume estimates found in TableXlX have been based on the dimensions

of individual components. For example, the volume of a lens system can be

approximately determined from

V = aperture area x focal length

D 2 (Df) = n= _ _ D3f

where f = f/number = 1.3.

The EMR-541 photomultiplier dimensions are 1.375 inches diameter by 4.25

inches long. The cathode particle shield is a hollow cylinder assumed to be

one centimeter thick and three inches long. It is assumed the digital cir-

cuits require approximately .03 (inch) 3 per integrated circuit package in-

cluding the printed circuit boards for mounting.

229



ESTIMATEDSENSORSIZE, WEIGHT,ANDPOWER

TABLEXIX

ESTIMATEDVOLUMEOFSCADS-S3 SENSOR
SPIN STABILIZEDVEHICLE

Subsystem

Photomultiplier (EMR-54 I)

Cathode Particle Shield

Electronics

Analog Circuits

Digital Circuits
Overload Circuits

Power Supplies

Lens System A (D = .4, f/n = 1.3)

Total (Lens A, T > 15 seconds)
m

Lens System B (D = .8, f/n = 1.3)

Total (Lens B, 4 < T < 15 seconds)

Lens System C (D = 2.0, f/n = 1.3)

Total (Lens C, T > ½ second)

Subtotal

Volume (Inch) 3

6.5

3.2

3.0

4.0

.5

2.0

19.2

.07

.52

8.2

19.3

19.7

27.4

ESTIMATED VOLUME

FIELD STABILIZED VEHICLE

Subsystem

Lens System B (D = .8, f/n = 1.3)

Photomultiplier (EMR-541)

Cathode Particle Shield

SASI Motor

Electronics

Analog Circuits

Digital Circuits
Overload Circuits

Motor Drive Circuits

Power Supplies

Volume (Inch) 3

.5

6.5

3.2

3.5

3.0

4.0

.5

.5

2.0

23.7 (inch) 3
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TABLEXX

SUNSHIELD VOLUME

Lens System

A (D = .4 inch)

B _ = .8 inch)

C (D = 2.0 inches)

Vo lume (Inch) 3

.51

4.0

64.4
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B.

The weight of the S3 sensor may be similarly tabulated with respect to

each configuration.

TABLE XXI

ESTIMATED WEIGHT OF SCADS-S 3 SENSOR

SPIN STABILIZED VEHICLE

Subsystem

Photomultiplier (EMR-541, potted)

Cathode Particle Radiation Shield

Electronics

Ana log

Digital

Overload Circuits

Power Supp lies

Sensor Housing

Subtotal

Lens System A (D = .4 inch)

Sun Shield

Total (Lens A, T > 15 seconds)
m

Lens System B (D = .8 inch)

Sun Shield

Total (Lens B, 4 _< T < 15 seconds)

Lens System C (D = 2 inches)
Sun Shie id

Total (Lens C, T _>.½ second)

ESTIMATED WEIGHT OF SCADS-S 3 SENSOR

FIELD STABILIZED VEHICLE

Weight (Pounds)

.38

.31

•19

.25

.03

•13

.5

1.79

.01

.2

.I

.3

1.2

.4

Lens System B (D = .8)
Sun Shield

Phot omultiplier (EMR-54 I)

Cathode Particle Shield

SASl Motor

Electronics

Analog Circuits

Digital Circuits
Overload Circuits

Motor Drive Circuits

Power Supplies

Sensor Housing
Total

232

.i

.3

.38

.31

.4

•19

.25

•03

.03

•13

.5

2.0

2.2

3.4
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The weight estimates found in Table XXI have been based on individual

component weights and weights of similar existing subassemblies. For example,

the lens weights have been scaled from an existing lens assembly by multi-

plying its weight by the t_ir_ power of the ratios of optical apertures. The

reference lens used was the Canon f/0.95 lens [4] whose optical aperture is

2.1 inches and whose measured weight was 605 grams = 1.34 pounds. So the

weight of a lens with optical aperture D inches can be estimated by

W -- 1.34 _ pounds

The manufacturer lists the potted weight for the EMR-541 photomultiplier as

170 grams. The cathode particle shield is assumed to be aluminum whose

grams 3
density is 2.7 (cm) . The weight of the electronics is estimated from the

volume where the density is taken as 1/16 pound per (inch) 3. This latter

figure is based on the weight of the CDC 449 computer whose volume is 4 x 4 x

4 = 64 (inch) 3 and whose weight is four pounds.

In view of the small volume and weight differences between the .4 inch

and .8 inch optical aperture sensors, it seems reasonable from the standpoint

of standardization that the .8 inch aperture should be used for all spin

stabilized vehicle configurations where the spin period is greater than or

equal to four seconds.
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C. Power

The power consumption for the SCADS-S3 sensor has been estimated for both

the spin stabilized and the field stabilized vehicle configurations.

TABLEXXll
ESTIMATEDPOWERREQUIREDFORSCADS-S3 SENSOR

SPIN STABILIZEDVEHICLE

Subsystem Watts

PMT Power Supply

Ana log Circuits

Digital Circuits

FMT Overload Circuits

•300

•150

•i00

LOW Voltage Power Supply (80% efficient)

Total

ESTIMATED POWER REQUIRED FOR SCADS-S 3 SENSOR

FIELD STABILIZED VEHICLE

.300

.69

.99 watts

PMT Power Supply

Analog Circuits .300

Digital Circuits .150

PMT Overload Circuits .I00

SASl Motor and Drive Circuits 1.0

1.55

Low Voltage Power Supply (80% efficient) 1.9

.300

Total 2.2

The power estimate for the photomultiplier power supply was based on the

design employed in the occultation photometer experiment successfully flown

on the Gemini i0 flight.[35] The high voltage supply consisted of the design

concept described in Section XI. The idle current (dynode load resistors

disconnected) from 12 volts was measured as seven milliamperes• This power

was largely consumed by the tape wound core. With the dynode load resistors

connected, the power consumption was approximately 300 milliwatts from a 12

volt supply•
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The digital circuits were assumedto be complementary "N" and "P" channel
MOStransistor gates whose power consumption per gate is 10-6 watt when

switching at I000 cycles per second.
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TEST PROCEDURES

Xlll. TEST PROCEDURES

In order to achieve a high degree of confidence that the first flight

model of the SCADS-S 3 sensor will successfully operate during the flight

mission, it is required that extensive testing be performed both before,

during, and after the sensor prototype assembly. Before prototype assembly,

exhaustive tests should be performed on the most critical sensor components.

After prototype assembly, sensor system tests should be performed both on the

laboratory bench using simulated stars and at a remote test site using a

real star field. After satisfactory completion of these tests, environmental

tests should be performed on the sensor. Successful completion of these

tests should then be followed by an integrated system test after the proto-

type sensor has been installed into the spacecraft. Consequently, the SCADS-

S 3 test program should include:

a. component tests,

b. laboratory bench tests,

c. field testing using real stars,

d. prototype environmental tests, and

e. flight model testing.

Each of the above phases of the test program will be briefly described.
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A. Component Tests

Prior to sensor assembly, tests should be performed on individual compo-

nents which are deemed most critical to reliable sensor operation. Included

among these tests should be tests on the optical system, the photomultiplier,

and the sun shutter.

i. Optical System

Although it is assumed that a suitable specific lens design has been pre-

viously determined, it is still required that each lens fabricated to the

prescribed design parameters be individually tested to insure that the actual

measured lens characteristics comply to the specified characteristics. Par-

ticular emphasis should be placed on testing the lens for blur spot size as

a function of wavelength for the plane of best focus. This test should also

be performed with the slit reticle in the focal plane to insure that at least

80% of the blur spot energy passes through the transparent slit for incident

FOV
light at any angle (less than---_) to the optical axis.

The transmission efficiency as a function of wavelength and the incidence

angle (with respect to the optical axis) should be measured to insure that the

overall optical efficiency meets the specified minimum value.

Each lens fabricated should be subjected to some preliminary environ-

mental tests in an attempt to uncover any manufacturing defect in the cement

bonding of glass elements or the mounting for the glass elements. These

environmental tests should include vibration, acceleration, and temperature

tests. Vibration tests should be performed as described in NASA document

number S-320-S-I entitled, "General Environmental Test Specification for

Spacecraft and Components Using Launch Environments Dictated by Scout 9W-4

and Scout X-248 Launch Vehicles." The SCADS sensor must be able to withstand

90 g's axial accelerations (parallel to spin axis) and 16 g's radial accelera-

tion. The required temperature range for the SCADS-S 3 sensor is given as

-30°C to +60°C.
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2. Photomultiplier and Power Supply

The photomultiplier should be tested to determine whether its quantum

efficiency as a function of wavelength meets the manufacturer's specified

values. Also, tube dark current should be determined as a function of

temperature and applied voltage.

In addition to testing the tube and its associated power supply for

vibration, acceleration, and temperature, an additional test should be per-

formed in a thermal vacuumto detect formation of corona discharges from the

high voltage power supply and high potential dynodes. The tube and supply

must operate corona free at any pressure from zero to one atmosphere and at
any temperature from -30°C to +60°C.

3. Sun Shutter

Since a sun shutter failure could permanently blind the SCADSsensor, it

is necessary to perform tests to achieve a high confidence level that no
failure will occur during the spacecraft mission. The environmental tests

for vibration, acceleration, and temperature are particularly important since
the most likely failure is a mechanical failure rather than a failure in the

electronic actuating mechanism.

4. Motor Drive

For non-spin stabilized vehicles, the SCADSsensor requires a specially

designed motor drive (Scanning Angle Sequential Incrementer). This motor

drive must also be environmentally tested to insure a high confidence level

for successful operation during the flight mission. NASAS-320-S-I defines
the launch environment which the motor drive must withstand.
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B. Laboratory Bench Test

After the sensor has been assembled, simulated tests should be performed

in the laboratory in order to verify defect-free assembly and alignment.

The laboratory bench test should be performed using simulated stars which are

rotated past the instrument at a constant RPM that simulates the relative

motion of the sensor and red stars. The rotation of simulated stars past the

sensor requires fabrication of a special test fixture which can also be used

for spacecraft integration testing.

The general idea for a recommended test fixture is illustrated in Figure

83. The fixture could consist of a motor driven rotating disk whose front

side lies in the focal plane of a collimating lens. Small optical fibers

would extend from the backside of the disk through holes in the disk. One

end of each fiber would lie flush with the front side of the disk and the

other end of each fiber would lie adjacent to a light source (or sources)

which is fixed to the back side of the disk. The light source could be

energized by a small battery attached to the back side of the disk or power

to the light sources could be supplied via slip rings. The RPM of the motor

and drive pulley ratios can be adjusted so that the transit time of the

simulated star is approximately equal to the transit time for a real star.

The laboratory bench fixture should test the operation of the analog

and digital electronics, the sensor response to simulated telemetry commands

and the control signals from the sensor. The laboratory test should also

test the reaction of the sun shutter to the proximity of bright light sources

and the PMT overload protection circuits.

Since the SCADS-S 3 sensor will be subjected to a hostile particle radia-

tion environment during its mission, the entire sensor should be tested when

exposed to a simulated particle radiation environment. Operation should be

tested using simulated stars and noting the effects of increased radiation

doses and verifying that the radiation shielding is adequate. For simplicity,
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FOCAL PLANE OF SCADS

COLLIMATOR SENSOR

DRI VE MO TOR

FIGURE 83: Laboratory Test Fixture for SCADS
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the radiation testing should be performed in air outside a vacuumchamber

with suitable compensation allowed for the attenuation of the radiation due

to the atmosphere. The radiation sources could be known amounts of radio-

active isotopes such as Strontium 90 which are available from the Atomic

Energy Commission.
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C. Field Test With Real Stars

Since it is extremely difficult to accurately simulate an artificial star

in terms of its intensity, spectral energy distribution, and its infinite

cross-section of collimated light, the sensor should be tested at night at a

remote site using a real star field. This test requires another test fixture

which now rotates the entire sensor at a constant rate. The optical axis

should be canted at 40 ° with respect to the test fixture spin axis. The test

fixture may consist of a rotating platform or frame to which the sensor may

be securely fastened. Slip rings and brushes must be supplied so that

command signals and power can be supplied to the sensor, and also, analog

signals and star transit data can be obtained from the sensor. The amplitudes

of several analog star pulses should be identified as occurring from known

stars so the sensor sensitivity can be checked with the predicted sensitivity.

It may be desirable to test the sensor in a simulated particle radiation

environment using a real star field instead of using a simulated star field.

Performing this test using a real star field would provide a realistic indica-

tion of the sensor performance in the space radiation belts.

It is also desirable to perform tests for determining the effectiveness

of the sun shield using a simulated sun and the real star field. The bright

source assembly could consist of a carbon arc lamp and a collimating lens.

Such a bright source would only be a crude simulation of the sun; however,

sufficient data should be obtainable to predict sensor performance in space

with the real sun. Ideally the tests should be performed in a vacuum since

atmospheric scattering in the column of air above the lens assembly can intro-

duce a considerable increase in the background radiation. However, tests in

a relatively dust-and humidity-free atmosphere could provide considerable

information on the sun shield effectiveness as a function of the angle between

the bright source and the optical axis.

It may also be desirable to determine the combined effects of the simulated

particle radiation environment and the bright source using a real star field.

243



TEST PROCEDURES

This combined test should provide considerable information for predicting

sensor performance in the real space environment.
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D. Prototype Environmental Tests

The assembled prototype unit must be integrated into the spacecraft and

be subjected to a series of tests and exposures of "environmental levels more

stringent than those expected from transportation, handling, test, pre-launch,

launch, injection and orbit." The exact nature and levels of these environ-

mental tests are described in detail in NASA document S-320-S-I where they

are referred to as spacecraft design qualification.

During the design qualification testing, it is required that electrical

performance tests of the sensor subsystem be performed. For these tests, it

is recommended that the test fixture shown in Figure 83 be used as the test

stimuli for the SCADS sensor. Satisfactory operation during these tests

should verify that the SCADS sensor will operate successfully in conjunction

with other spacecraft subsystems in a space environment without interfering

with other subsystems integrated into the spacecraft.
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E. Flight Model Environmental Tests

The assembled flight model of the SCADS-S 3 sensor must be subjected to

environmental levels equal to those expected in ground handling, launch and

orbit. The exact nature and levels of these environmental tests are des-

cribed in detail in NASA-S-320-S-I where they are referred to as flight

acceptance tests.
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Orientation of a Rigid Torque-Free Body by Use of Star Transits

CHARLES B. GROSCH*

Control Data Corporation, Minneapolis, Minn.

A method of computing the orientation of a spinning, rigid, torque-free, symmetric body
from measurements of the times at which known stars appear in an optical system fixed in

the body is presented. The method does not assume the moments of inertia of the body to
be known. It is shown that if the body is nearly symmetric, precesses with a small cone

angle, and is disk-like or rod-like (but not sphere-llke), then the symmetry assumption pro-
duces a second-order error.

Nomenclature

,$, = celestial coordinate system
8, = inertial coordinate system with one axis parallel to

the body angular momentum vector
St = coordinate system fixed in the body with axes parallel

to the body principal axis

_, r = two angles which define the orientations of $3 with
respect to St

0 = cone angle
4, = precession angle

_b = spin angle
d = magnitude of angular nlonlentHin

A, B, C = prmcipal moments of inertia of the hody
3', _ ffi two angIes which define orientation of slit plane with

respect, to St

t_, _ = two angles which define the misorieniation of the
assumed body principal axis with respect to the

true body principal axis
(_ = coax

slnx

Introduction

HE general problem is to find the orientation as a function
of time t of a coordinate system fixed in a spinning, rigid,

torque-free body. This orientation must be found with

respect to the celestial coordinate system. The system

fixed in the body, which we later will denote as Ss, has axes

parallel to the principal axes of the body.

The basic measurements which must be used to furnish

this orientation are the times at which known stars lie in a

plane(s) which contains the origin of $6. This plane(s) is

fixed with respect to $6, and its equation(s) in 86 is given.

Physically, such a plane(s) [or portion of a plane(s)] is gener-

ated by an optical system which contains a sFt(s), the optical

system being fixed in the body. Because of the association

of slits to the mechanization of the optical system, we will

call these planes "slit planes."

A discussion of the system instrument is given by Lille-

strand and Carron,' and Kenimer and Walsh. _ These authors

also consider the problem of computing the orientation of the

body from the times of star transit for the case in which the

body is spinning about a fixed axis at a constant rate. A more

Received July 7, 1966; revision received February 2, 1967.
This work was sponsored by Langley Research Center under

Contract NAS1-4646, which required development of analytical
expressions and computer programs to implement a Langley

Research Center concept to determine the attitude of a spinning
spacecraft. The author would like to acknowledge the assist-

ance of T. M. Walsh and R. E. Smith of Langley Research
Center for the definition of the problem and numerous dis-

cussions pertinent to the action. B. 1). Vannelli of Control Data

Corporation programmed the problem and also aided in its
solution. [7.01, 8.02, 8.09]

* Senior Mathematician, Reseasch Division, Aerospace Re-
search. Member AIAA.

general class of orientation motion will be considered hem
in that the body will be allowed to precess.

Coordinate System

In order to describe the orientation of a system fixed in the

body with respect to the celestial system, three angles are

sufficient. However, these three angles would be a somewhat

complicated function of time. The classical method used

to overcome this difficulty is to introduce five angles. Hence,

six coordinate systems, S_ with associated unit vectors L, j_, k_,

are introduced; i= 1,2,...,6. Let(Figs. land2) a)S_be

the celestial system with associated unit vectors i_, j_, k_: i_

in the direction of the First Point of Aries, j_ in the equatorial

plane, and k_ in the direction of the North celestial pole; b)

Sa be an inertial system defined with respect to S_ by two

angles _, r: k_ is parallel to the angular momentum vector

of the body; and c) Ss be a system fixed in the body with

unit vectors is, j6, and k_ parallel to the principal axis of the

body• S¢ is defined with respect to S, by the angles _b, 8, and

The angles _, r, _, 8, and _b will be defined as follows: i_ --*

i2, rotation _ about k,, k2; k2 -* l_ rotation r about i2, i3;

i_ _ i4, rotation _b about ks, _; k_ _ ks, rotation 8 about

i4, is; and is _ is rotation _b about k_, k_. Hence, /_ = con-

stant, and r = constant; if the moments of inertia about the

principal axes parallel to is and j_ are equal (A = B), and

C is the moment of inertia around the third principal axis,

then the equations of classical dynamics yield (see e.g.,

Whittaker a)

_b = d_ "4- _t, _ constant 0 = constant

_b = _b0 q- ¢t, _b constant

where

= d/A _ = d(A -- C) cosO/AC

For the main part of our discussion, we assume A = B.

Later we will show the errors caused by this assumption if

C g A # B = C, and 0 is small.

Constraint Equations

If we consider A and C to be known, then the problem

may be formulated as that of seeking the six unknowns

_, r, %, 0, ¢0, and d. However, if A and C are unknown,

or poorly known, then the problem may be formulated in

terms of the seven unknowns _, r, _, _0, _b0, ¢, and O. We

will concentrate on the second formulation; the change to

the first will then be obvious.

We will now develop an equation which is satisfied the

instant a known star is in a slit. This equation is an algebraic

equation in the seven unknowns of the problem.

R_printe'l.l)'omJt)l;l_NAL ()1" SPACECIIAFT AND ROCKETS

Copyright, 1967, by the Anlerical_ In_tilut(, t_f Aer_tlalttics and Astl'ottautics, and reprinted by permission uf the copyright owner
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First of all, the transformation from Sz to Ss may be

written

where E is the Euler matrix

[ c¢cq_- oSs_,sO

E = _-s_ _o;CO s, e¢

and

,,=(-::
\ sTs_

cCs_+eO¢_ ststs0\- s s,+e0 c. s0,
-sO cO cO /

s_ o)CT C_ ST

--S TC_ CT

The slit plane may be defined with respect to $6 by two

angles V and B (Fig. 3). Let i7be in the (i0, Jd plane and

also in the slit plane. Let j_ he perpendicular to the slit

plane. Then,

j, = A (2)
k7

where

A = cB e')" eB

\ sV s_ - cv sB ef_/

3' and B ale known quantities.

Now, the instant a star lies in the slit plane (which i_ mov-

ing with respect to S,) its position with respect to $7 may be

determined by a single parameter ¢ (Fig. 3) ; hence,

S = c_/i7 + 0 + BY/k7

where S is a unit vector in the direction of the star. More-

over, S may be defined with respect to S, in terms of the

NORTH POLE

'_ O)THE SYSTEM
St

CELESTIAL _/_

EOUATOR I i

t I

^ ^

"_, L* ' %_3"k_, k{ '_'2 _3 b)THE SYSTEMS

MOMENTUM

VECTOR A

Jl

i I_, 2

^ ^ l #.|'l_3_4 C) THE SYSTEMS

k6'k5 _ S4,S 5 AHO_ 6
A

13
LINE OF NOOES= i 4 =i5

Fig. l Relatlonsbetween variouscoordtoate ystems. (In
all figures, carets over symbols indicate

_3

PRINOtPAL _/ q& SLIT PROJECTION
ON CELESTIAL

AXIS OF BODY SPHERE

(EXAMPLE)

3

I

/ I

/

Fig. 2 Relationship of My-fixed reference system to
angular momentum frame.

declination and right ascension of the star. Hence,

S = c6caiz + c_isaj, + _k, (3)

where 6 and a are the given declination and right ascension

of the star, respectively. Thus, the instant a star is in the

slit plane,

c0?/ = AEHS (4)

sT] !

where S has components in St as giveu by (3). We may

eliminate the parameter y from (4) to obtain

0 = A2EHS (5)

where ..l_ is the second row of A.

Equation (5) is thus the basic constraint equation which

must be satisfied the instant a star is in the slit plane. Each

time measurement thus supplies one equation in seven un-

knu_ns of the [o,,,,(5).

Method of Solution

Each transit time of a known star across a slit plane fur-

nishes a transendcntal Eq. (5) in the seven unknowns

2
STAR "'J _S

.INTERSECTION OF SLIT- PLANE

WITH uNtr {F_4ERE

Fig. 3 Orientation of slit plane with respect
to St.
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_. ?[Lo?i,?cTctg_o.
SYMMETRIC BODY}

k$(FJGUR£ AXIS)t.ss....

13

Fig. 4 Motion of a bo_y -fixed system (unsymmetric body)
with respect to momentum system (inertial).

One method of attempting to solve such a system is the New-
ton-Raphson method? To this end, let X = X0 -I- AX,

where 7_0 is a guess as to X; then an approximate equation
for AX is

0 = A:zEHS + v(A2EHS)AX (6)

In (6) V is the seventh-dimensional gradient operator; also
E and H are evaluated at )(o. Since (6) is only an approxi-

mate equation for A)_, an iterative method of solution must

be used. If more equations than unknowns are present,

a least squared solution may be used.

Solution for Small 0

If the initial guess is such that 0 _ X_ (°) = 0, then the
matrix coefficient of A)_ has rank five, and, thus, &J_ cannot

be determined from a system of equations of the type (6).

For small 0,_this system of equations cannot accurately be
solved for AX without special attention. The physical reason

for this fact is that for small 0, the intersection of the plane

determined by (i6, j_) with (is, js) is poorly defined. Analyti-

call5, , this difficulty appears since we may write

E(¢, O, _/,) = R(_ + _) + sinOS(4_, _/,) +

(1 -- cosO)T(¢, _b)

where

R = [--s(_+ _b) c(_ + *)
0

(°°i:)S= 0

s¢ -c_

T = [Sq)oC# -c¢ c#
0 ¢ --

So, for small 0

bElb6 -" bRlbd/=- bR/bch _ 5E/_h_

Similarly,

be�be _- t bE/b_0 "-- bE/i_

Thus, the matrix coefficient of A)_ in (6) has two pairs of
columns approximately equal (8 small).

To overcome this difficulty,_ we may solve for a new vari-
able A! 7 instead of AX. We choose

,_6+ A¢

Ar

2 s(0/2)A_bo

2s(O/2)a6

In terms of this new variable, (6) becomes

O = A_EHS + IT'AY " (7)

where

/ A2(cOS + s0T)HS %1

[ A2(R+ + sOS¢_ + (I -- eO)T_)HS )I tA_(R¢_ +sOS¢ + (1 - eO)T,_)HS

(z = | A,EHpq

t AzEH,S

A2[c(0/2)(S_, -- Sq,) + s(O/2)(T, -- T¢)]HS

\tA2[e(O/2)(S, - S_) + s(O/2)(T÷ - T¢)]HS/

where the subscripte _b, _, _, and r are used to denote partial
derivatives.

Each observation then furnishes an equation in &l ?. This

system of equations does not possess a singularity for small
0. After finding A 1_, ._ is found by

I Ay_ -- 0.SAy_ ESC0/2_

_Ay, -- O.5hy_ esc0/2|

)( = X'0 + | 0.5 AytescO/2 | ]01 _> e
0.5 5V_ csc0/2 ]

_, au, l
\ _v+ /

a_,\
Ayt_

ffi2o + I0[< _

_ _v,I
\ Ay_/

Note that for very small #, _boand Ibo as well as _ and _ cannot

be determined separately. In this case only tb_ + tb0 and

+ ¢ can be determined.

Misorientation of Slit Planes

In our previous discussion, it was assumed that _ and

(which define the slit planes) were measured with respect
to S_. If the body is a large missile, it may be difficult to

locate the principal axes; hence these angles cannot always

be measured directly.
Let us now assume that angles _" and B' are measured.

These angles correspond to _ and _, but are measured with

respect to Ss, a wen-defined system fixed in the body. Also,
let the miserientation of S_ with respect to S_ be defined by

two small angles E_and e_ as follows (note that only two angles

need be considered because we assume two momenta equal).

S_ --* 8_ by a rotation E_ about i_, E_ about the new j_ axis.

Then,

Robert Smith of NASA Langley has shown that this singu-
laxity may also be removed by a formulation of the problem in

terms of quaternions. There is also a singularity in the problem
for r ffi 0_ or 180 ° ( ± k, pointing at the North Pole ). This singu-

larity may be removed from this location by use of angles other

than _ and r.
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where

....... )
-c¢1 S¢2

C = eel Sol

\so2 -- sol co2 COl e{2

Let us now formulate, the problem by assuming _ and e_

are unknown (in addition to the seven previous unknowns).

Thus, (7) becomes

0 = B2CEHS + W'AZ (8)

where B_ = (-sT' cB', c7' cf_', sB'), 7' and f_' being measured
angles;

B2C(cOS _- sOT)HS ?

B2C[R¢, + sOS_, 4- (1 - eO)T¢]HS

tB2C[R¢, "4- sOS¢, 4- (1 - cO)To.IllS

B,.CEIt_S
W = B:CEIIoS

B2C[c(0/2) (So - S_) + s(0/2) (T, -- T,_) ]tlS

tB:C[c(O/2)(S, - S¢_) + s(O/2)(T¢-TeA ]HS

B2C,,EttS
B2C,_EHS J

and A2 is AI y augmented by the two additional unknowns

A_I, A_2j i.e.,

Improvement of Convergence by Solution

of Three-Unknown Problem

In experimenting with the convergence of the problem, it
was found that convergence was not guaranteed if the initial
guess of _ and r was in error by more than 10 °. In order to

overcome this difficulty, this problem was first solved by as-

suming the vehicle orientation motion was simply a uniform

rotation about a fixed axis. That is,

and _ + ¢ has its nominal value. Hence, the problem is re-

duced to the unknowns r, //, and _b0. The solution of this

problem then yields a better estimate of r and _, which can

be used as the initial guess for the total problem. Using

this method, the convergence of the problem was improved

to the point where all initial guesses which were within the

expected tolerances caused convergence.

Appropriateness of Solution for an

Asymmetric Body

All of the previous discussion assumed that the two mo-

ments of inertia were equal, A = B. Let us now examine the

errors produced by this assumption for the ease C _ A --"

B_C, andOsmall. A<B<CorA>B>C.

The general problem of describing the orientation as a func-

tion of time of a torque-free rigid body with one point fixed

is a classical problem of analytical dynamics. The solution

may :be written in terms of elliptic functions, and, hence,

may be considered solved. However, the general solution is

inconvenient for numerical computations and physical inter-

pretatiom

If the body has two equal moments of inertia, the modulus

of the elliptic functions k becomes zero and, hence, these

functions degenerate into circular functions. If two moments

are nearly equal, k is generally small in comparison to unity,

and, thus, the elliptic functions may be written as a series of
circular functions.

Ufilifing the general solution as presented by Whittaker, 3

and some extensive algebra, 5 one may write

0 = 0, -- 0.5_(1 + r) tan0o[COSa +

0.125_ seC0,(1 + r)(cos2¢_ -- cos20.)] + . ..

565

V
0.5a 4-

ep slna[1 4- 0.125e(1 4- r) cosa x

(tan'0.+ 6+ 2cos_0ql1 + cos20. /J + ""

4) = 4_. 4- d/I,[l -t- e_(1 - p)]t -

(_/2)(1 4- r) secO. sina(1 4- *p cosa) 4- . .

where

a = 2(at + _b.)

= --d cosO°/[(r + 1)1_]{1 4- 0.5_2(1 -1- r) X

(1 - r sec20o -- 0.375 tan_8°(1 4- r)] 1 4- ..

p = 0.25(1 + r)(2 + tan_8°) I_ = 0.5(.4 + B)

= (A - B)/(A + B) 1 4- r = 2C/(2C- A -- B)

0o, _b,, 4a=define the initial conditions.

Now, consider a system $6, which moves with respect to

S_ so as to satisfy (9) with _ _0 (A = B). This is the system

considered earlier and denoted as $6. Next, consider another

system, S_., which moves with respect to S_ so as to satisfy

(9) with, _" 0(A m B). Now we would like to predict the

misorientation of S_ with respect to S_, as a function of t.

In general, there always exists an axis such that a rotation

about this axis will cause $6° to coincide with S_,. Let the

amount of this rotation be _. Then it can be shown that

cos_/2 = cosA0/2 eos[(A_b 4- A4_)/2]

So for small A0, A_b 4- A_ we may write

• , = (A0), + (A_ + A¢),

If we neglect terms 0(C) and 0(0o_), we may write

= _/20o(1 + r) eosa = A0

Note that q_ will be second order for small e, small 0,, and a

body that does not approximate a sphere.

So, if B = 0.9A, C = 0.1A, then for small 0o

• (max) - 3.1 ,'<, !0-_0o

which is negligible for [0,! _< 10 °. Figure 4 is a pictorial

description of the motion for a disk-like body.

Star Identification

In the previous discussion, it was assumed that the transits

were produced by a known star. Such information is un-

doubtedly not given beforehand. Hence, the problem of
associating a star name with each of a list of transit times

presents itself. In general, at least two identified stars are

required if two or more slits arc used, and three or more such

stars are required if more than one slit is used.

It appears that stellar magnitudes cannot be measured
accurately so they cannot be used to aid in the star identifi-

cation process except to limit the candidate stars to those of

magnitude 4 (let's say) and brighter. An approximate
knowledge of the pointing direction can also be used to limit

the candidate stars. If only one slit is utilized, then the
star identification is very difficult unless the pointing direction

is known fairly well beforehand. However, if multiple slits

are utilized, the star may be identified by the following proc-

ess: assume the instrument is spinning about a fixed axis

at its nominal rate. If a set of transit times can be said to

be produced by a single (but thus far unknown) star crossing

each of the slits, then these times are sufficient to compute

the direction to the star in the system S_. Thus, an approxi-

mate value for the angle between stars may be computed.

These computed angles may be compared with angles ob-
tained from the star list. By thess comparisons, an identi-
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Fig. 5

i

-2C0 -leO qZO -co -40 o 40 so lao 16o
TIME (Seconds)

Standard deviation of the declination of tile i_ axi_
as a function of time.

fication may be accomt)lished. This entire process is ex-

plained more fully in Ref. 5.

Estimation of Errors

Let us now estimate the errors in attitude which are caused

by errors in the transit times. Suppose,

O = 5° e = 180° r = 90°

= Ir/2(3 - cos0) rad/sec

¢ = --Tr eosS/6(3 - cos0) rad/sec

The last two parameters are implied by a body such that

A = B = 40 slugs ft:, C = 60 slugs ft 2, and is spinning

with a period of approximately 12 see. Also assume three

slits defined by3'_ = 22 ° ,/_ = 21°; 3': = B2 = 0; 3'_ =

--22 °, /_3 = -21 °. Let the field of view be such that all

stars of visual nmgnitude 3 and brighter, which transit the

second slit so that 35 ° < _h _< 55 ° (Fig. 3), are detected.

These parameters imply that 16 stars are detected per scan

period.

Assume no systematic error in the transit times; the transit

time errors are independent and have a standard deviation

given by a(At_) = 5.34 X 10 -s see. This time error iml)lies a

rotation error of 5.77 sec of arc for the 12-sec spin period. Also,

the data are being gathered for five successive scans. With

these inputs, the resulting errors in arc sec are a(AO) =

0.91, a(A¢/o) = 21.7, a(A_) = 0.31 arc sec/sec = a(A_),

a(A%) = 21.5, a(A_) = 0.90, and a(Ar) = 0.97. The most

significant correlation coefficients are p(@, _bo) --" P(6, q)) --"

--1, while r and _ have the correlation coefficients with the
other variables of less than 0.05 in absolute value.

After computing the errors in the parameters which define

the initial orientation of the body, errors in the direction of

the body axis as a function of time may be computed. In

Fig. 5, the standard deviation of the error in the declination

of the i_ axis is plotted. Because r = 90 °, this axis passes

from close to the Celestial North Pole to close to the Celestial

South Pole in 6 sec.

Note the complicated structure of the error in Fig. 5.

The basic errors tend to cancel and reinforce each other

periodically. The measurements were taken between 0 and

60 see. Note that this error is smaller in this time period.

Errors in the direction of the other two body axes exhibited
features similar to those shown.

Summary

A general method of obtaining the orientation as a func-

tion of time of a rigid, symmetric, torque-free body by use

of star transits across slits fixed in the body has been pre-

sented. It has been shown that the assumption of symmetry

produces very small errors if the body is rod-like or disk-like

(but not sphere-like), is nearly symmetric, and has a small

cone angle.

Depending upon the assumptions, the problem has as many

as nine unknowns. The method given for the solution has

been programmed, and the region of convergence was found

to be large. Also, the method was used to obtain the atti-

tude as a function of time of a suborbital missile. The pri-

mar3" function of this missile was to gather accuracy data
on the earth's infrared horizon. The attitude was found to

an arcnracy of on the order of 30 arc sec.
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I. GENERALMETHODOFSOLUTION

The general problem is to find the orientation as a function of time,

t, of a system fixed in a satellite whose roll, pitch, and yaw are slowly

changing. This model maybe applied to both the gravity-gradient and the

magnetically stabilized modes. The basic measurementswhich must be used
to furnish this orientation are the times at which known stars lie in a

slit and the angular position of the slit at these times. The method of

attack of our problem used here, is to derive a constraint equation of the
form

f(si' 8i' r(ti)' P(ti)' Y(ti)) = 0 (i)

where

^ .th
s. = unit vector in direction of the i star (known)
i

8i --measured angular position of the slit at the time of transit (known)

ti = time of transit (known)

r(ti) , p(t.),l and Y(ti) = roll, pitch, and yaw at ti (unknown).

Note that (i) is one equation in three unknowns, r(ti) , P(ti) , and Y(ti).

Hence, any number of equations of this form are useless in themselves, for

new unknowns are introduced with each new measurement. To overcome this

difficulty, we may assume that r(t), p(t), and y(t) are not randomly varying

functions of time. Two courses are available to establish a systematic

variation in roll, pitch, and yaw.

(I) Derive the differential equations that govern the motion of r, p,

and y.

(2) Assume some empirical formula for r, p, and y.

We will applythe second method here, in fact, we assume

r =r +}t
o

P = Po + _t

Y = Yo + 9t
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where to, Po' Yo' _' _' and y are constants to be found.

Equation (i) is an algebraic statement of the geometry of the problem.

This geometry is simply that the vector to the star, si' and the slit plane's
normal are perpendicular at the instant of transit. To write this equation
then, we must express these two vectors in the samecoordinate system. At

this point, let us simplify the discussion slightly by assuming the gravity-
gradient mode. Later, we will indicate the necessary modification for the
magnetically stable mode.
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II. COORDINATESYSTEM

Sevencoordinate systems will nowbe introduced: S.,l i = I, 2, ... 7. S1
will be the celestial coordinate system. This system is most useful in order

to specify the position of the stars. S2 may be called the satellite system.

Roll, pitch, and yawwill be defined with respect to this system. S5 will

then be a system fixed with respect to the satellite. Finally, S7 will be a
system fixed in the slit (which rotates with respect to the satellite).

Let us now define these coordinate systems, let S1 be the celestial
^ ^

system with associated unit vectors il, Jl' and _l_in the direction of the

First Point of Aries, 31 in the equatorial plane, and _I in the direction of

the north celestial pole.

let S2 be a coordinate system which moves with the satellite (Figure B-I).
A

let i2 have the direction from the satellite to the earth's center; 32

perpendicular to 22, in the orbital plane, and such that the orbital motion is

in the direction of J^2" Finally, i2 x 32 = _2' Note that k2 has the direction

of the negative orbital normal.

Now, let S5 be a system fixed in the satellite. S2 _ S5 through three

rotations: roll, pitch, and yaw (r, p, y). Thus,

^ _3 Jz J3k2 _ rotation r about ^ = _

J3 " J4 rotation p about _3 = _4

J4 " J5 rotation y about _4 = 15

The vectors _5' 35' and _5 are parallel to the position yaw, roll,and pitch

axes, respectively.

We now may write
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FIGURE B-l: The Coordinate System S2
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<A>i2
A

k2

=A I>^1 J5

kl , _5

=B

where

A m=

I - cos _ cos(w + v) + sin f_ cos i sin(w + _))
- sin _ cos(w + v) - cos _ cos i sin(00 + _)

- sin i sin(00 + _)

here

B

- cos _ sin(w + _) - sin _ cos i cos(00 + _)

- sin _ sin(0_ + _) + cos _ cos i cos(w + v)

sin i cos(w + _)

\
- sin Q sin i\

Jcos _ sin i

- cos i

cos p cos r

cos y sin p cos r + sin y sin r

sin y sin p cos r + cos y sin r

sin p

cos y cos p

- sin y cos p

k

- cos p sin r \

:)cos y sin p sin r + sin y cos

sin y sin p sin r + cos y cos

= argument of ascending node (known)

w = argument of perigee (known)

= true anomaly (known)

i = inclination (known)

262



APPENDIXB

The angles Q, _, _, and i can be calculated or are calculated as part of

the satellite ephemeris. The angles r, p, and y are to be found.

o.

The only coordinate system remaining to define is that which locates the

slit plane with respect to S5. To this end, let

_5 -_ _6 rotation y about _5 = _6
^ ^ _ .A

k 6 ---, k 7 rotation 8 about 16 = 17 (Figure B-2).

Thus

<I<>J7 = C _5

£5

where

C

cos y

- sin y cos

cos y sin 8

\

sin y 0 \

)COS y COS 8 sin

- cos y sin 8 cos

The physical interpretation of S7 and the angles y and _ are as follows:
^

i7 will have the direction of the optical axis of the instrument; _{will be a

fixed measured angle which defines the position of the optical axis in the

yaw-pitch plane of the satellite; finally, the slit will be made to rotate

about the optical axis and 8 will be measured by an angle encoder at the

instant a star transits the slit.
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/_5 _ INTERSECTION OF SLIT- PLANE

• _ WITH UNIT SPHERE

_e

EARTH'S CENTER

FIGURE B-2: The Slit Plane With Respect to S
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III. CONSTRAINTEQUATION

Now, supposea single slit as pictured in Figure B-2 is utilized. Let

this slit rotate with respect to S5 with its axis of rotation coincident with

i 7. As this slit rotates stars will transit the slit, and at the instant of

transit the rotational position of the slit, 8 (Figure B-2), may be measured

by an angle encoder. Thus, at the instant a star appears in the slit we

may write

= cos _ _7 + sin _ _7

where

= elevation of star with respect to S7 at the instant the star transits
(not measured).

But we may also write

A

s = cos 8 cos _ "_I + cos 8 sin _ ]i + sin 6 E 1

where

6 = declination of the star (known)

= right ascension of the star (known).

Thus, the instant the star appears in the slit, we may write

cos
0

sin

=CBAS

where s is expressed with components in S I. Since _ is not measured, we

choose to eliminate this parameter from (2). Hence,

A

0=C2 BAs

(2)

(3)
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.thwhere C. = i row of C.
1

Equation (3) now represents one equation in the three unknowrsr, p, y.

These three angles are slowly varying functions of time. It appears we may

write

r =r +_t
O

P = Po + _t

Y = Yo + 9t (t measured) (4)

where ro, Po' Yo' _' _, and 9 are constants. The writer feels that Equation

(4) is a good approximation for time intervals on the order of five minutes.

However, (4) may have to be revised after more information on the stabiliza-

tion system is obtained. Thus, with this assumption, Equation (3) becomes

one equation in six unknowns. A minimum of six transits of at least three

stars is necessary for a solution. If more than six transits are obtained,

a least squares solution may be sought.

To apply the previous analysis to the magnetically stable mode, the

system S2 need only be redefined. Instead of aligning S2 with respect to the

satellite's orbital system as shown in Figure B-l, we align this system with

respect to the local magnetic field. Hence, roll, pitch, and yaw of the

satellite will be defined as deviations of the satellite attitude with

respect to the local magnetic field.
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vv[.

PHYSICAL CHARACTERISTICS

Number and type of dynodes:

Maximum overall length (unpotted):

Typical weight (unpotted):

Window mate riah

Cathode sensitive area:

Cathode type:

PHOTOCATHODE CHARACTER ISTICS i

["Note

I

Quantum efficiency (Q) at 4100

Cathode luminous sensitivity (Sk)

Cathode peak radiant sensitivity (drk)

Typical quantum efficiency

MULTIPLIER PHOTOTUBE

CHARACTERISTICS, DC

Voltage required for current

amplification (G} of:

104

105

196

1

Dark current (iD) at a current

amplification of:
105

106

107

1,2

Anode luminous sensitivity (S) a_

a current amplification of 10

Anode peak radiant sensitivity (

at a current amplification of 10 °

Equivalent anode dark current

input at current amplification
of 10 6

Luminous, (ED) n

Radiant at 4200 A (_D)

MODEL 541N-01-14

PR ELIMINAR Y SPEC

MARCH, 1966

14; venetian-blind; Ag-Mg

3.94 inch (100 ram)

71 grams

7056 glass

1 in. (25 ram) diameter, area = . 786 in 2

Semitransparent: bi-alkali

Minimum Typical Maximum

18

55

• 059

55

59,000

21.5

72.0

•071

1690

2280

2950

2.6xi0 -12

2.5xi0 "II

2.5xi0 -I0

720

71,000

3.5x10-13

3.5xi0 =16

3400

Ixl0-10

1.8xlO "12

1. 7xlO -15

Units

%

}IA/Im

A/W

See

Fig. I

See

Fig. 2

V

V

V

A

A

A

A/Ira

A/W

Im

W

r PHOTOELECTRIC DIVISION
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IV.

"I.

Equivalent noise input at current
amplification of 10 6

Luminous, (EN)

Radiant at 4100 _, (£D)

MULTIPLIER PHOTOTUBE

CHAR ACTER ISTICS, PULSE

Dark current counts at a current

amplification of 106 at z0Oc

Pulse height resolution (FWHM)
for Cs .37, NaI (TI)

MAXIMUM RATINGS

Supply voltage
Anode current

Ambient temperature

ENVIRONMENTAL

Note

Z, 3

MODEL 541N-01-14

PRELIMINAR Y SPEC

MARCH, 1966

M in imum Typical

3. 9xlO -14

4. OxlO -17

IZ5

8.0

Maximum

I. 0xl0 "13

I. 0xl0" 16

3600

.3

150

Shock I00 g, II millisecond duration

Vibration 30 g, 20 to 3,000 cps

Temperature -55°C to 150°C

"II. PACKAGING

Potted weight (typical)

rOTES:

1 70 grams

Normally packaged in a I-3/8" O.D. x

4-1/4" length fiberglass housing.

I. All data at room temperature = 20°C.

2. Measured after dark current stabilization.

3. Discriminator bias at 1/4 of the average single electron pulse height.

4. Harshaw sclntillation crystal, NaI (TI) Type D, size: 1 in. x 1 in. ,

S/N BY 591

5. Absolute maximum ratings, prolonged exposure at maximum ratings may
result in permanent deterioration of tube performance.

Units

lm

W

Pulses

/sec

%

V

mA

oc
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MODEL 541N-01-14

PRELIMINARY SPEC

MARCH, 1966

TYPICAL SPECTRAL RESPONSE CHARACTERISTICS

O
Z

S

N

Z
<

0

lO

.1

.01

000 ZOO0 3000 4000 5000 6000 7000

WAVELENGTH - ANGSTROM
Figure I

8000

',ECTR/C DIVISION

ELECTRO-MECHAN/CAL RESEARCH, INC.
80X 44 • PRINCETON, NEW JERSEY 085.#0
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I0

MODEL 541N-01-14

PRELIMINARY SPEC

MARCH, 1966

/

I

1o _ /

Z
_o

1
m

10 4 , /

1400 1800 Z200 Z600 3000 3400 3800

TOTAL VOLTAGE ACROSS PHOTOMULTIPLIER

Figure Z

O/VISION

ELECTRO-MECHANICAL RESEARCH,INC.
BOX 44 • PRINCETON, NEW JERSEY 08540
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MODEL 541N-01-14

PRELIMINARY SPEC

MARCH, 1966

I

_+. 000I L ..oo 
'--c--'/ 1.375 Dia.

--- Effective

Dis.. Photocathode

1

± 321

4 4

1

1_ _, F Do not clamp in

this area

I
i
i

l

k-_ Epoxy Fiberglass

Shell

k---- Leads

NOTES:

1. Resistor values equal thru-out unit

------" Signal (Red)

i I I i l I I l i I i J l i J

_-1 '1 '1 '1 '1 '1'! 1 1 1 1 1 _ i 1 J

" -HV Black

Figure B

r PHOTOELECTRIC O/VISION

ELECTRO-MECHANICAL RESEARCH, INC

BOX 44 . PRINCETON, NEW JERSEY 08540
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